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abstract
The photovoltaic (PV) technology is of great interest in the present scenario owing to
renewable energy production from natural resources such as solar light. At present,
the PV technology markedly deals with the solar cells based on single crystalline
Silicon. However, the production cost involved in the single crystalline Si-based solar
cells accelerated the research towards much cheaper materials for a cost-eﬀective
technology. In this aspect, thin ﬁlm solar cells are of great importance especially
solar cells based on chalcogenide semiconductors without compromising much in the
device performance due to their versatile properties. CuInGaSe2 and CdTe have
come up with conversion eﬃciencies up to 21.7% and 21.5% which is comparable
with the highest reported eﬃciency of 25.6% for a single-crystalline Si-based cell.
Nevertheless, the price and inadequacy of In and Ga, as well as the toxicity of Cd,
serves as barriers towards their practical applications. The research was then focused
on other semiconducting materials having earth-abundant, low cost and non-toxic
constituents. Diﬀerent material systems were studied as a result including the Cu-
based compounds such as copper zinc tin sulfo selenide (CZTSSe) and copper zinc
tin sulﬁde (CZTS). Due to issues such as complex structural polymorphism and
cation stoichiometry of CZTSSe materials also face problems while incorporated as
absorber layers in solar cells.
Copper antimony sulﬁde (CuSbS2) is a novel chalcogenide semiconductor fea-
turing suitable chemical and physical properties for being an absorber layer in solar
cells as Antimony preserves the same chemistry as that of Indium and Gallium
due to the similarities in their oxidation states as well as ionic radii. Addition-
xiv
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ally, CuSbS2 exhibits an optical band gap of 1.5 eV for direct transition, a high
absorption coeﬃcient of 104 cm−1 and Spectroscopic Limited Maximum Eﬃciency
(SLME) of 22.9% which are some characteristic features required for an ideal pho-
tovoltaic absorber layer. This material has gained intense attention in the scientiﬁc
community since it was ﬁrst introduced by P.K. Nair et al. via heating of Sb2S3
and Cu2S layers. A lot of attempts have been made thereafter towards develop-
ing this material through diﬀerent physical and chemical methods and subsequently
integrating the same in PV devices. In the majority of the attempts, the conver-
sion eﬃciency of the fabricated cells, however, remained very low compared to the
present commercial PV technologies. The highest reported eﬃciency of a CuSbS2
based solar cell up to date is 3.22% where CuSbS2 was spin-coated using its pre-
cursor ink. In this thesis, we make a strong eﬀort towards understanding diﬀerent
properties and device performance associated with this material. We used chemical
bath deposition to prepare Sb2S3 thin ﬁlms onto which the Cu layer was evaporated
followed by heating to form the ternary CuSbS2 phase. The eﬀects of diﬀerent Cu
thicknesses, heat treatments (rapid thermal processing, conventional vacuum oven
annealing or both at diﬀerent temperatures durations), were studied in detail on
the semoconducting properties of CuSbS2 for PV applications. The structure, mor-
phology, chemical composition and optoelectronic properties of the thin ﬁlm formed
at diﬀerent conditions were analyzed using various characterization techniques such
as XRD, Raman, SEM-EDX, XPS, UV-Vis spectroscopy, I-V and photocurrent re-
sponse measurements. Device applications of the ﬁlms which showed comparatively
better properties were tested by incorporating them in solar cells as absorber lay-
ers. The best solar cell based on CuSbS2 showed an eﬃciency of 0.6% for the sub-
strate p-n conﬁguration, glass/ITO/n-CdS/p-CuSbS2/Ag. To further improve the
eﬃciency, we alloyed CuSbS2 with selenium solid solution to fabricate quaternary
CuSbSexS2−X. Our assumptions for alloying it with Se was ground on the fact that
incorporation of Se can shift the bandgap of CuSbS2 from 1.5 to 1.2 eV depending on
the Se content for much eﬃcient solar light absorption. The champion cell featuring
the quaternary CuSbSexS2−X as the absorber displayed a conversion eﬃciency of
abstract xvi
0.91%, higher than the CuSbS2 based cells. In addition to the PV device application,
we also explored the capability of the CuSbS2 in optoelectronic applications where
it was tested as a photodetector for a wide range of wavelengths. For the ﬁrst time
ever, we found that CuSbS2 has great potential as a photodetector as well owing
to its high sensitivity towards detection of diﬀerent wavelength light. The synthesis
procedure, characterizations, and device applications are explained in detail in dif-
ferent chapters of the thesis which can be really useful in understanding the distinct
properties of both CuSbS2 and CuSbSexS2−X and towards further optimization to
improve the conversion eﬃciencies where these compounds are used as absorbers.
hypothesis
The Sb2S3-Cu, Sb2S3-Se-Cu precursor layer composition variations inﬂuence the





To control the optoelectronic properties of CuSbS2(CAS), CuSbSexS2−X (CASeS)
thin ﬁlms by varying Sb2S3-Cu , Sb2S3-Se-Cu precursor layer thicknesses respectively,
for their applications in solar cells.
specific objectives
• Preparation of CuSbS2thin ﬁlms by thermal treatment of Sb2S3/Cu layered
precursor
• Preparation of CuSbSexS2−X thin ﬁlms by heating glass/Sb2S3/Se/Cu layers.
• To determine the inﬂuences of individual layer thicknesses of Sb2S3 and Cu to
form the ternary CuSbS2 and quaternary CuSbSexS2−X phase
• Study the eﬀect of post thermal treatments on the formation of phase pure
CuSbS2
• Analyze the structure, elemental and chemical composition, morphology, op-
tical as well as electrical properties of CuSbS2 and quaternary CuSbSexS2−X
ﬁlms
• Fabrication and characterization of solar cell devices in superstrate conﬁgura-
tion: glass/FTO/(n)CdS/(p)CuSbS2/Ag
• Study the eﬀects of diﬀerent thermal treatments such as conventional vacuum
oven annealing, RTP and both (vacuum oven annealing followed by RTP)
xviii
objectives xix
• Fabrication and characterization of solar cell device in superstrate conﬁgura-
tion using p-n junction: glass/FTO/(n)CdS/(p)CuSbS2/Ag and glass/FTO/
(n)CdS/(p)CuSbSexS2−X /Ag for comparing photovoltaic performances.
• Fabrication and characterization of solar cell device in superstrate p-i-n junc-
tion conﬁguration: glass/FTO/(n)CdS/(i)Sb2S3/(p)CuSbS2/Ag
justification
The increasing demand for photovoltaics in the present scenario leads the researchers
to identify the earth-abundant and environment-friendly new visible light absorbers
for the PV device applications.CuSbS2 thin ﬁlms gained special interest from the past
few decades as a photovoltaic absorber material due to the environmentally benign
and cost-eﬀective constituent elements unlike current commercialized Cu(In,Ga)Se2
(CIGS) and CdTe-based technologies which encounter scarcity of raw materials (In,
Ga, Te) and toxicity (Cd, Te). As one of the most promising candidates for emerging
thin ﬁlm solar cells, there are various techniques such as chemical bath deposition
(CBD), spray pyrolysis, spin coating, electrodeposition, thermal evaporation, sput-
tering, etc., are available for the fabrication of CuSbS2 thin ﬁlms. Based on the
available reports on these materials, CuSbS2 possesses great potential such as an
optimal direct band gap of 1.5 eV satisfying the criteria for Shockley-Queisser limit,
the high optical absorption coeﬃcient of over 105 cm−1 and low melting point of
551 ◦C. CuSbS2 shows such promising properties to be used as an absorber layer
in PV devices. Only a few reports discuss the properties of CuSbS2 thin ﬁlms with
special focus to photovoltaic application till date. Most of the available reports are
limited to basic thin ﬁlm synthesis and its characterization. Hence, this thesis is
focused on detailed characterization of CuSbS2 thin ﬁlm synthesized by combining
chemical bath and thermal evaporation techniques followed by vacuum annealing
or/and rapid thermal processing and also the eﬀects of incorporation of Se. This
work opens up a new window for the development of thin ﬁlm solar cells based on
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Chapter 1
thin film solar cells: emerging
materials
1.1 INTRODUCTION
The concept of energy is fascinating due to the rapid growth in world energy demand
for the last few decades. Fossil fuels such as coal, oil, and gas are the world´s
dominant energy sources [1–3]. However, fossil fuels have negative impacts, being a
dominant source of carbon dioxide, a greenhouse gas that contributes to a series of
environmental problems such as air pollution, climate change, global warming, and
acid rain [4,5]. These concerns are triggering the world to look at renewable energy
such as solar, wind, geothermal, biomass, hydropower and wave energy, in order to
deal with both economic and environmental challenges [6, 7].
According to “Renewable Energy Policy Network for the 21st Century by the
year 2050, solar energy will be the highest energy source with a production of ap-
proximately 11,941 EJ/yr. Eﬀectively, solar energy can be harvested in three ways,
solar thermal, photovoltaics and solar fuels. Among these three, the potentially
suitable strategy is photovoltaics which involves photovoltaic eﬀect, the conversion
of sunlight directly into electricity, which was ﬁrst discovered by a French scientist
Edmond Becquerel while experimenting with an electrolytic cell made up of two
electrodes placed in a conductive solution in 1839. William G. Adams and Richard
1
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E. Day discovered photovoltaic eﬀect by illuminating a junction between selenium
and platinum producing an electromotive force, without the addition of heat or any
moving parts in 1876. These two discoveries were the founding stones for the ﬁrst
solar cell made of selenium thin sheets coated with gold by Charles Fritts in 1882.
Daryl Chapin, Calvin Fuller, and Gerald Pearson developed a crystalline silicon pho-
tovoltaic (PV) cell having conversion eﬃciency of 4% at Bell Labs in 1954, which
was the ﬁrst solar cell capable of converting enough of the sunlight into power to
run every day electrical equipments and is considered as the cutting edge in energy
technology [8–10]. By early 20´s global warming awareness and the importance of
renewable energy in the science community, lead to potential researches on silicon
solar cells and achieved an eﬃciency of 24%. At present, modern Si PV devices
are operated with 26% electricity return [6, 7, 11]. Another aspect to consider solar
energy over other energy sources is the economy. Between the years 2010 and 2015,
the price of PV devices has declined by nearly 58% compared to the past years.
According to the estimation of the International Renewable Energy Agency, it will
further reduce up to 57% by 2025 [12]. Hence the research on solar cells and eﬀorts
to improve eﬃciency by limiting the fabrication cost of the cell is progressing day
by day. This chapter of the thesis will introduce the solar cell devices, the theory on
which these cells convert light into electrical energy and current status of solar cell
research.
1.2 FUNDAMENTALS OF PHOTOVOLTAICS
The photovoltaic (PV) eﬀect is the process of direct conversion of solar radiation
to electricity, occurring in solar cells constituted by semiconducting materials and
metallic layers. This section will describe brieﬂy about semiconductors, diﬀerent
types of junctions and the mechanisms behind the working of the PV devices.
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1.2.1 Semiconductors
A semiconductor is a crystalline or amorphous solid material with intermediate elec-
trical conductivity between that of a metal and an insulator. The conductivity of
the semiconductors can be changed signiﬁcantly by altering the temperature or the
impurity content of the material, or by illumination with light. The band gap of
semiconductors (energy gap between the maximum of the valence band and mini-
mum of the conduction band) usually lies between 0.1-3 eV; those for which the gap
is very small or absent are conductors, materials with a ﬁlled valence band and a
large energy gap (>3 eV) are electrical insulators (see Figure 1.1). At temperature
T = 0 K, a pure semiconductor becomes an insulator with a fully ﬁlled valence band
with electrons (Ev) and an empty conduction band (Ec). Si and Ge are the most
commonly used semiconductor materials [13].
Figure 1.1: Energy band diagram for Insulator, Semiconductor and Conductor
Semiconductors can have either direct or indirect band gaps depending on
the positions of the valence band (VB) maximum and the conduction band (CB)
minimum. Direct band gap semiconductors (e.g. GaAs) can absorb light much
easier since an electron in the VB can be promoted directly to the CB without a
change in momentum. Absorption of the photon’s energy takes place without any
lattice interaction, and there is a sharp absorption band transition with relatively
large values of the extinction coeﬃcient. In indirect band gap semiconductors (e.g.
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Silicon), the CB minimum and the VB maximum occurs at diﬀerent k vectors, and
hence for an electron to move from the VB to CB, a phonon must be involved. Figure
1.2 [14,15]. shows the E-k diagram of direct and indirect band gap materials (GaAs
and Si). Each PV device contains a p-n junction for producing the photovoltaic
eﬀect and thereby converting the light energy into electricity. Diﬀerent types of
semiconductor junctions used in solar cells and the behavior of the junction when
illuminating with light are described in the following sections [13,16,17].
1.2.2 Semiconductor-Semiconductor junction
1.2.2.1 p-n junction
The classical model of the solar cell is the p-n junction. Typically, all PV devices
are based on the development of a photovoltage incorporating a semiconductor p-n
junction [17–19]. The p-n junction is created by diﬀerently doping the semiconduc-
tor’s diﬀerent regions so that an interface between the n-type and p-type layers is
created (Figure 1.3) [19]. On the n side of such a junction, the electrostatic poten-
tial must be smaller than that on the p side since the work function of the n-type
material is less than the work function of the p-type material. An electric ﬁeld is
thus established at the junction which moves the photogenerated holes towards the
p region and electrons towards the n region. The center junction region is depleted
of both holes and electrons (hence called the depletion region) and exhibits a low
resistance path towards the minority charge carriers and a barrier towards the ma-
jority charge carriers. The photogenerated minority charge carriers throughout the
p and n regions reach the junction by diﬀusion. At the point where the Fermi levels
of the n and p layers are the same, the diﬀerence in the work functions of both is
taken up by a step in the edges of the valence and conduction bands. This step
is called the built-in bias where the junction region is depleted of charge carriers.
Built-in potential can be expressed mathematically as in eq. (1.1):
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Figure 1.2: E-k diagram of direct and indirect band gap materials (GaAs and Si),









(Ei − EF )|p side − (Ei − EF )|n side
)
(1.1)
where Φn and Φp are the work functions of n and p regions respectively and
(Ei−EF ) is the diﬀerence in the Fermi level. Far from the junction, Ei−EF can be










when an electrical ﬁeld is applied on one side, the Fermi level is raised on one
side and the potential drop across the p− n junction becomes:
Vi = Vbi − V (1.3)
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Almost all solar cell devices contain a p-n junction for the generation of electric-
ity from solar light. The conversion is achieved due to diﬀerent mechanisms happen
in the p-n junction when the junction is irradiated by light. Characteristics of the
p-n junction under dark and illumination are thus crucial to understand the working
mechanisms of solar cells and will be described later in the thesis. In addition to the
p-n junction formed by doping the same material diﬀerently, there are p-i-n junction
and p-n heterojunction.
Figure 1.3: (a) Band proﬁles of p-type and n-type semiconductor in isolation (b)
band proﬁle of the p-n junction in equilibrium.
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1.2.2.2 p-i-n junction
A p-i-n junction is formed when a small layer of undoped (or intrinsic) semiconductor
is inserted between the p and n layers. The impact of the addition of the intrinsic
layer on the built-in bias is the same as that of a normal p-n junction, but the electric
ﬁeld is extended over a wider region. The p-i-n junction is preferred over p-n junction
when the minority carrier diﬀusion lengths of the material is short and hence the
photogenerated carriers are unlikely to contribute to the photocurrent [17].
1.2.2.3 p-n heterojunction
As the name indicates, a p-n or p-i-n junction is called as a heterojunction when
the materials forming up the p and n regions are diﬀerent. In such a junction, a
discontinuity in the valence and conduction band edges can be noticed due to the
diﬀerence in the band gap of the materials. Diﬀerent eﬀective ﬁelds for the electrons
and holes by assisting the electrostatic ﬁelds for one carrier and opposing the other
are introduced due to this potential step. The overall eﬀect of a p-n heterojunction on
the photovoltaic performance is enhanced recombination in the junction region [17].
1.2.3 Photovoltaic effect
The basic concept of photovoltaics is the generation of free electrons and holes in
a semiconductor due to optical excitation in the semiconductor when light having
photon energy greater than the band gap of the semiconductor falls on it. For the
photovoltaic eﬀect to take place, the semiconductor material should possess some
kind of internal electric ﬁeld due to diﬀerent reasons such as variations in doping
in diﬀerent regions, surfaces, contacts, etc. which is able to separate the generated
electrons and holes into the external circuit without recombining with one another.
The photogenerated electron moves towards the n-side of the junction whereas the
hole moves towards the p-side. In case if the carriers are generated outside of the
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depletion region of the p-n junction, they may reach the depletion region by thermal
diﬀusion. The minority charge carriers from the n-side (holes) will move towards
the p-region leaving an electron (negative charge) and the minority carriers from the
p-side (electrons) will move towards the n-side leaving a hole(positive charge) in the
p-region. Hence, a potential diﬀerence is created between the p and n regions of the
junction and the entire process is termed as the photovoltaic eﬀect. Such a ﬂow of
carriers into the external circuit forms up a reverse electrical current density, which
is called short circuit current density (Jsc) under short-circuit conditions [20].
1.2.4 Photovoltaic parameters
A solar under dark conditions cell exhibits I-V characteristics of a diode. The behav-
ior of a solar cell can be thus better understood considering an electrically equivalent
circuit made of discrete electrical components whose behavior is well deﬁned [21–24].
Figure 1.4 [25] depicts the equivalent circuit of a solar cell containing both series and
parallel resistors.
Figure 1.4: The equivalent circuit of a solar cell with series and parallel resistance
The photocurrent source IL is the reverse current whose amplitude is linearly
proportional to the solar irradiance G(Wm−2). The current and voltage of the cell
in dark are related by the Shockley equation as follows:











where k is the Boltzmann constant, e is the charge of an electron, I0 is the
inverse saturation current of the diode and T is the temperature in Kelvin. The I-V
curve is displaced from the origin when the cell is illuminated due to the generation
of the photocurrent IL. Hence the above equation becomes:










wherem is the factor of ideality which is deﬁned as how closely the diode follows
the equation of an ideal diode. Generally, its value is in between 1 and 2 respectively
for high and low voltages. The ohmic voltage drop at the contacts and through the
layers of the materials is represented by a series resistance and the maximum power
of a solar cell to the open-circuit voltage is related by this series resistance. On the
other hand, a parallel resistor represents the leakage of the current around the cell,
the small short circuits and the diﬀusion path along dislocations in the cell.
The I-V characteristics of a solar cell consisting of parallel and series resistances
can be represented as:













where Rs and Rsh are the series and shunt resistances respectively. The max-
imum power of the solar cell can be achieved when the voltage and current are at
their maximum or in other words when the derivative of the power with respect to
voltage is zero. The solar cell maximum power can be represented as:
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where Voc is the open-circuit voltage of the cell. Figure 1.5. shows the I-V curve
of a solar cell under illumination indicating the maximum power obtained [19].
Figure 1.5: I-V curve for a solar cell with maximum power indicated by the shared
area. The corresponding voltage and current are Vm and Im. The value depends on
the external load applied. Adapted from physics of semiconductor devices – S. M
Sze.
The maximum current that ﬂows in a solar cell when the terminals are short
circuited is called the short circuit current Isc, which imply a zero voltage across the
contacts. This means, from eq. (1.5), Isc = -IL. When the short circuit current is
divided by the area, we obtain current density (Jsc) in terms of mA/cm2
The open circuit voltage Voc is the maximum voltage generated across the
contacts while the external circuit is in open condition (I = 0). The expression for


















, if IL ≫ I0 (1.8)
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The ratio of maximum power Pm = Vm × Im of a solar cell to the ideal power





The eﬃciency of a solar cell, η is deﬁned as the ratio of the power output (Pm)










All photovoltaic technologies require a light-absorbing material, present within the
solar cell structure to absorb photons and generate electrons and holes via the pho-
tovoltaic eﬀect. Using diﬀerent types of materials, a wide variety of photovoltaic
technologies are there in the market today and will be increased in the near future.
Depending on the level of commercial maturity and raw materials used, PV cell
technologies are generally classiﬁed into three generations [7, 26].
I. First-generation photovoltaic systems (fully commercial), which uses the wafer-
based crystalline silicon (C-Si) technology, both in its single crystalline (sc-Si)
as well as multi-crystalline (mc-Si) form.
II. Second generation photovoltaic systems (early market development) are based
on thin-ﬁlm PV technologies and generally include three main families: (i)
Amorphous (a-Si) and micro morph silicon (a-Si/µc-Si); (ii) cadmium telluride
(CdTe); and (iii) copper indium selenide(CIS) and copper indium gallium dis-
elenide (CIGS)
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III. Third generation photovoltaic technologies such as organic photovoltaic tech-
nologies are still under investigation or have not been widely marketed yet.
Even though there are three diﬀerent generations of PV cell technologies, cost-
eﬀective production of high conversion eﬃciency cells is one of the major challenges
that the photovoltaic technology faces [27]. The cost projections versus the eﬃciency
of diﬀerent PV technologies are shown in Figure 1.6 [28].
Figure 1.6: Eﬃciency and cost for ﬁrst, second and third generation PV technologies.
Reprinted with kind permission from John Wiley and Sons.
Crystalline silicon based solar cells are the ﬁrst generation solar cells also re-
ferred to as traditional or conventional solar cells due to the beneﬁcial characteristics
of Si such as non-toxicity, abundancy, high stability and suitable optical band gap.
There been a strong eﬀort by the research community in fabricating single crystalline
and multi crystalline Si based solar cells and enhancing the conversion eﬃciency of
the same [29]. In fact, the high production cost, brittle nature of Si and wastage
of huge amounts of Si while using in large scale applications function as barriers
towards the production of cost-eﬀective PV devices based on monocrystalline Si de-
spite the relatively high conversion eﬃciency of monocrystalline Si based solar cells
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over 26%. Consequently, the concept of polycrystalline/multi-crystalline solar cells
appeared. Multicrystalline silicon is more attractive over monocrystalline because
of its low manufacturing costs and feedstock tolerance even though these cells are
somewhat less eﬃcient than that of monocrystalline cells. The decreased eﬃciency of
monocrystalline cells has resulted from the border defects occur at silicon cast blocks
by hardening. The lab eﬃciency of this material is ranging from 18-23% and product
range is from 14-17%. The high cost of Si and wafer wastage by slicing, driven the
research towards second-generation solar cells which is based on thin ﬁlms [30].
1.3.1 Thin film solar cells: A brief review
Thin ﬁlm solar technology (second generation solar cells) has gained special attention
in recent years in photovoltaics research which requires an absorber layer of a few
micrometers thickness and low-temperature processability. Compared to crystalline
silicon solar cells, thin ﬁlm solar cells require much less material of the semiconductor
to harvest the same amount of light. The material can be less even up to 99%.
Due to its high ﬂexibility, the diﬀuse light eﬃciency of ∼12%, easy installation
and lifetime of approximately 25 years, the thin ﬁlm technology has gained much
attention in recent years. Thin-ﬁlm PV technologies already developed generally
include three main families, (i) Amorphous (a-Si) and micro morph silicon (a-Si/µc-
Si); (ii) cadmium telluride (CdTe); (iii) copper indium selenide (CIS) and copper
indium gallium selenide (CIGS).
1.3.1.1 Amorphous silicon
Amorphous silicon materials have been targeted as promising candidates for the
fabrication of solar cells particularly in thin ﬁlm form, in an eﬀort to produce low-
cost solar cells while still retaining the advantages of silicon (relative abundance,
reliability, stability) and the backlog of information and experience in silicon cell
manufacturing technology [31]. Amorphous silicon material is composed of ran-
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domly oriented Si atoms in a homogenous layer rather than a crystal structure and
which has an important eﬀect on electronic properties and possesses a direct band
gap of 1.7 eV. The absorption of light is higher in a-Si than that of c-Si, leading to
the use of thin layers which makes the use of less material than crystalline silicon and
for this same reason a-Si is also among the thin ﬁlm solar cells. In 1976 Carlson and
Wronski reported the ﬁrst p-i-n amorphous silicon (a-Si) solar cells with a conversion
eﬃciency of 2.4%, where the estimated theoretical eﬃciency of the same cell struc-
ture was ∼15% and within a year they were able to improve the eﬃciency by 4%.
Willem in 1978 reported Schottky barrier amorphous-silicon solar cell (which is con-
structed with a metal-to-N junction rather than a p-n semiconductor junction) with
an eﬃciency of 4.8%. The introduction and discovery of hydrogenated amorphous
silicon (α-Si:H) by Tawada (1982) account for the growth of a-Si based solar cells.
Hydrogenation is a process of incorporates of a signiﬁcant percentage of H2 atoms
∼(20-30)% bonded into a-Si structure and which help in improving the electronic
properties. However, it improved the electrical properties, eﬃciency of a-Si based
solar cells is declined during their ﬁrst few hundred hours of illumination, known
as Staebler-Wronski eﬀect was the main problem of all the a-Si cells that are dis-
covered. In order to reduce recombination losses, in the early 1990s research eﬀorts
were placed on the development of multi-junction cells and modules, which have
multiple band gaps to allow response at multiple wavelengths [32]. The energy that
would normally be lost in single-junction solar cells can be captured and converted
in multijunction technologies by readily adjusted band gap via varied alloying. In
addition to its multijunction exhibits less light-induced degradation. Guha et al. [33]
demonstrated a multijunction having an eﬃciency of ∼11%. Later on, 1996 Yang et
al. (United Solar Systems Corporation) achieved stabilized conversion eﬃciencies of
13% using a triple-junction structure [34]. Soohyun Kim et al. [35] recently reported
triple-junction a-Si solar cell (a-Si:H/a-SiGe:H/µc-Si:H stack : hydrogenated amor-
phous silicon (a-Si:H) in the top cell, hydrogenated amorphous silicon-germanium
(a-SiGe:H) or hydrogenated microcrystalline silicon (µc-Si:H) in the middle cell, and
hydrogenated microcrystalline silicon (µc-Si:H) in the bottom) with a stabilized eﬃ-
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ciency of 13.4% (Figure 1.7) [35]. Further researches are currently going on with p-i-n
stacked amorphous thin ﬁlm solar cells for improved eﬃciency by further develop-
ments in novel light trapping technology and high-quality wide-band gap materials.
Figure 1.7: Solar cell performance of the a-Si:H/µc-Si:H/µc-Si:H triple-junction solar
cell after 1000 h light soaking. Reprinted with permission from Elsevier.
1.3.1.2 Cadmium telluride (CdTe)
Cadmium telluride (CdTe) solar cells serve as a prime candidate for all thin ﬁlm
solar cells and it is the second most common photovoltaic (PV) technology in the
world marketplace after crystalline silicon. CdTe is a direct-band gap material with
a band gap energy of about 1.45 eV (which is well matched to the solar spectrum
and nearly optimal for converting sunlight into electricity using a single junction)
with a large absorption coeﬃcient. CdTe is a stable compound and cells based on
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CdTe thin-ﬁlm can be manufactured quickly and inexpensively, providing a lower-
cost alternative to conventional silicon-based technologies [32, 36]. If both bulk and
surface recombination are curbed, a thin ﬁlm of CdTe is adequate for producing
high-eﬃciency cells. When look back to the history of CdTe solar cells, in 1972
Bonnet and Rabnehorst developed the ﬁrst signiﬁcant laboratory CdTe solar cell
(CdTe - CdS p-n heterojunction solar cell) with 6% eﬃciency, where the cell was
created in a three-step process involving high-temperature vapor phase deposition
of CdTe and high vacuum evaporation of CdS [37]. The problems involving the back
contact between pure Mo and CdTe lead to considerably high series resistances and
low FF, reported by them. Variety of diﬀerent fabrication methods (close-spaced
sublimation, vapor-transport deposition, physical-vapor deposition, sputter deposi-
tion, electrodeposition, metal-organic chemical-vapor deposition, spray deposition,
and screen-print deposition) were employed for the fabrication of CdTe due to the
rapid interest in the CdTe ﬁeld. Nakayama et al. [38] developed ceramic thin ﬁlm
CdTe solar cell (glass/In2O3/CdS/CdTe/Cu2Te/Ag) by screen-printing method in
1976 where CdS layer served as an ohmic contact transparent electrode to the CdTe
layer (prepared by mixing n-CdTe powder and CdCl2 with a binder in a mixer was
printed on the substrate by screen printing method), which reduced both series resis-
tance and surface recombination at the n-CdTe layer. The reported solar conversion
eﬃciency of the above-described cell was 8.1% . In 1981, Kodak used close-spaced
sublimation (CSS) and made the ﬁrst 10% CdTe cells. 1987 was the revolutionary
year for CdTe solar cell industry. Meyers and others at Ametek introduced a novel
n-i-p design, where i-layer assisted in the collection of charge carriers [39]. Because of
CdTe´s large work function, it is always diﬃcult to create a successful ohmic contact
to it. But, by using p-ZnTe as a buﬀer layer, the minimal discontinuity in the valence
band edge at the CdTe/ZnTe interface permits the free ﬂow of holes from the CdTe
into the ZnTe which lead to the formation of high eﬃciency solar cell. Even though
these cells gave higher eﬃciency, the cost was a major concern for the commercial-
ization of the CdTe solar cells. Unlike in previous attempts, many researchers were
tried to achieve high-eﬃciency CdTe solar cells using low-cost simple high throughput
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processing. As a result, Matsushita PV Research and Development Center devel-
oped CdTe solar cells having 16% eﬃciency where the CdS layer was deposited by
a metal-organic chemical vapor deposition (low temperature and economic method)
and CdTe by CSS method [40]. Wu et al. [41,42] at NREL reported a CdTe solar cell
with 16.5% eﬃciency where they modiﬁed the conventional SnO2/CdS/CdTe device
structure to glass/Cd2SnO4/ZnSnOx/CdS/CdTe form. Cd2SnO4 (CTO) replaced
the SnO2 TCO and ZnSnOx (ZTO) buﬀer layer was placed between the TCO and
the CdS ﬁlm and oxygenated nanocrystalline CdS:O was used as the window layer in
order to improve the FF. The oxygen present in the nano-crystalline CdS:O resulted
in increasing the band gap (2.5 - 3.1 eV) and suppressed the formation of CdS1−yTey
alloy by controlling the interdiﬀusion of Te from the CdTe to CdS ﬁlm which led
to the achievement of 75.5% FF. The US photovoltaics giant, the ﬁrst solar has
dominated in the past decade, with reported eﬃciencies of 18-21% with a heavier
focus on commercialization. The latest record eﬃciency for a laboratory CdTe solar
cell is 22.1% [43]. Even though CdTe cells got eﬃciency near to the Si-based solar
cells, the toxicity of Cd and issue of Te availability are the main obstacles for the
incorporation of these materials in to the PV devices as an absorber layer in a larger
extent.
1.3.1.3 Copper Indium Gallium Selenide (CIGS) and Copper Indium
Selenide (CIS)
Copper Indium Gallium Selenide (CIGS or Cu(InGa)Se2) is a highly promising ma-
terial for PV application owing to its high absorption coeﬃcient (105 cm−1), direct
optical band gap in the range ∼1-1.2 eV and less material wastage. The lattice pa-
rameter ratio (c/a) of tetragonal CIGS is around 2 and any lattice distortion comes
from the In-Se, Cu-Se or Ga-Se bonds. Indium in CIGS can be replaced by Ga
to match its band gap to the solar spectrum [44–50]. For device fabrication using
CIGS, a thin layer of thickness ∼2.0-2.5 µm is suﬃcient since CIGS can absorb
most of the sunlight within 1 µm thickness thereby signiﬁcantly reducing the ma-
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terial usage in device fabrication. Usually, CIGS is deposited using techniques such
as sequential deposition, co-evaporation, and some non-vacuum techniques [50]. In
1976, Kazmerski et al. fabricated the ﬁrst CIGS based solar cell having a conversion
eﬃciency of 4.5%. The CIGS based solar cell contained p-type CIGS, n-type CdS
layer, an intrinsic ZnO layer above the CdS layer and an n-type ZnO:Al layer as the
top contact. The back contact was molybdenum. The total thickness of the semi-
conductor layers was less than 5 µm which is very less compared to that of 170-200
µm thick crystalline Si layers [32]. A 5.7% eﬃcient cell was fabricated by Mickelsen
and Chen in 1980 employing a CdS/CuInSe2 heterojunction. The CuInSe2(CIS)
layer, in that case, was deposited using elemental evaporation technique [51]. The
CIS based cell exhibited high Jsc which was attributed to the combination of band
bending and Fermi position in the CIS. Later in 1982, the same authors used a mixed
ZnXCd1−XS and obtained a record eﬃciency of 10.6%. Thereafter, many diﬀerent
authors attempted to improve the CIS based cell eﬃciency and as a result, solar cells
having conversion eﬃciencies of 12.2% were generated. CIS was then replaced by
CIGS owing to the possible band gap engineering by altering the In percentage in
CIGS. The higher band gap of CIGS compared to CIS led to the fabrication of solar
cells with 12.5% eﬃciency. Since then, the CIGS based cell eﬃciency was improved
to above 20% by improving the interface between the absorber and buﬀer layers, op-
timizing the window layer and by using diﬀerent deposition techniques. The highest
lab eﬃciency of CIGS solar cell has reached up to 22.6% [52]. The certiﬁed eﬃcien-
cies of solar cells of various photovoltaic technologies by NREL is shown in Figure
1.8 [53]. Even though the CIGS based cells have achieved eﬃciencies comparable
with crystalline Si solar cells, they possess some disadvantages/ challenges as follows.
Midgap defect states/ dangling bonds/ recombination and band discontinuities at
the interface in CIGS have a bad impact on cell eﬃciency since the defects in CIGS
are associated with increased band gap. When applied in solar cells using CdS as
the window layer, due to discontinuity in the conduction band, recombination occurs
at the CdS/CIGS interface. Furthermore, in the economic point of view, In and Ga
are relatively more expensive and less abundant elements compared to many other
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materials suitable for PV applications.
Figure 1.8: Certiﬁed eﬃciencies of solar cells of various PV technologies by NREL in
2019. This plot is courtesy of the National Renewable Energy Laboratory, Golden,
CO (https://www.nrel.gov/pv/cell-efficiency.html) .
1.3.1.4 Emerging materials
The present obstacles of photovoltaic devices based on CIGS and CdTe absorber lay-
ers have led the research on the development of other semiconducting materials which
is easily available, cost-eﬀective and non – toxic for the application in PV devices.
As a result of this, in recent years, environmentally benign and economic friendly
novel materials such as Cu2ZnSn(S,Se)4 (CZTS) [54], Cu2S [55, 56], Cu2SnS3 [57],
Cu2O [58,59], Sb2S3 [60,61], SnS [62,63], FeS2 [64–66], CuSbSe2 [67] and CuSbS2 [68]
gained special attention as an absorber layer for solar cell applications. Organic
perovskite-based solar cells are notable due to the rapid rise in their published eﬃ-
ciencies and showing comparable performance to that of second generation inorganic
cells. Although the perovskite based solar cells have achieved eﬃciencies more than
20%, these materials are very sensitive to the atmosphere (oxygen, moisture, and ul-
traviolet radiations) and perovskite structure degrades when exposed to air [69,70].
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Therefore, these materials cannot be used in commercial solar cells unless somehow
their degradation is hindered. Owing to the above facts, chalcogenide (solar cells
based on sulﬁde, selenide and telluride semiconductors) based materials for PV ap-
plications are of signiﬁcant importance in the present scenario. This thesis work
focuses on the development of Cu-Sb chalcogenide absorber layers for solar cell ap-
plication. The important features and advantages of this material as a solar cell
absorber are explained in detail in the following chapter.
Chapter 2
Cu-Sb chalcogenides for photovoltaic
applications
2.1 INTRODUCTION
In the past few decades, Cu-Sb based chalcogenides gained special interest as pho-
tovoltaic absorber materials due to earth-abundant and cost-eﬀective constituent
elements [71–76]. Compared to Ga and In, Sb and Cu are far less expensive ac-
cording to the US geological survey reported in 2014 [77–79]. Sb is approximately
60 times less expensive than In and possesses almost the same chemistry as that
of In (Sb has the same +3 oxidation state as that of In or Ga). The chemical and
economic advantages make the Cu-Sb based chalcogenides as an eﬀective alternative
of CuInS2 [80, 81]. The practical and scientiﬁc motivations behind the use of the
Cu-Sb materials for solar cell application supported by the optoelectronic proper-
ties, moderate hole doping and grain growth at relatively low temperatures of this
material. CuSbS2 possesses a direct optical band gap of 1.5 eV which is the optimum
band gap for PV absorbers to achieve maximum device performance [80, 82–84]. It
also exhibits much steeper absorption onset compared to CuInS2, speciﬁcally due to
the non-bonding lone pair electrons in the Sb atom [85–87]. Even though among
the Cu-Sb based compounds CuSbS2 is the most studied and applied material in PV
application with a maximum reported photoconversion eﬃciency of 3.22% [88], other
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ternary phases such as Cu3SbS3 [89–94], Cu12Sb4S13 [95–99] and Cu3SbS4 [100–104]
have been also reported. Less PV eﬃciency of CuSbS2 reported so far indicates that
much research must be done on this material including better control of the device
parameters and tuning its absorption composition since the theoretical eﬃciency of
the compound is 23%. In the same way CuSbS2 substitutes CuInS2, CuSbSe2 can
replace CuInSe2 due to the similar chemical nature of CuSbSe2 compared to CuInSe2
and simultaneously having a diﬀerent structure due to the low-valent state of an-
timony [105–107]. Sb is in the same +3 oxidation state in CuSbSe2 like for In in
CuInSe2. Owing to the suitable optical band gap (1.1-1.2 eV) and electrical proper-
ties, CuSbSe2 has also the potential to be a good solar absorber [106–117]. Though
it has been less investigated than CuSbS2, photoconversion eﬃciency comparable to
that of CuSbSe2 has been achieved [88,106].
This thesis is mainly focused on exploring the PV application of CuSbS2, how-
ever taking the combination of the properties of both CuSbS2 and CuSbSe2, a qua-
ternary CuSbSexS2−X as solar cell absorber layer is also investigated. The following
sections of this chapter will describe in detail the structure, optical and electrical
properties that make these materials suitable for PV device applications as well as
the commonly used synthetic approaches to produce them.
2.2 STRUCTURE
The crystal structure of chalcostibite CuSbS2 is orthorhombic with space group pnma
no: 62, lattice constants, a = 6.045 Å, b = 3.807 Å and c = 14.545 Å, as described
by Mukesh Kumar and Clas Persson [105]. The unit cell of CuSbS2 contains 16
atoms with 4 atoms of Cu, 4 atoms of Sb and 8 atoms of S. Cu and Sb atoms occupy
the cation sites where the Cu atoms are coordinated by four chalcogen atoms and
the Sb atoms are coordinated by three chalcogen atoms. The structural stability,
better charge transport properties and the ability to form interface structures are
some of the adventures of having a layered crystal structure (as that of CuSbS2)
compared with other structural forms according to J.T Dufton et al [118]. CuSbSe2
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also exhibits a similar crystal structure as that of CuSbS2 with the same pnma space
group, no 62 (reported by Koji Takei et. al.) [82]. In CuSbSe2 structure, Sb and
Cu cations are 3 and 4 coordinated respectively with Se anions. The calculated
lattice parameters of CuSbSe2 are a = 6.2990 Å, b = 3.9734 Å and c = 15.0050
Å (ICSD #418754). The crystal structure of CuSbS2 as reported by Koji Takei
et.al. is schematically presented in Figure 2.1 [82]. As a newly emerging quaternary
Cu-Sb based chalcogenide material, CuSbSexS2−X also exhibit orthorhombic crystal
structure [82, 119].
Figure 2.1: Crystal structure of chalcostibite CuSbS2, orthorhombic crystal system
with pnma space group, no:62. Reproduced with kind permission from Elsevier.
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2.3 PROPERTIES
2.3.1 Optical Properties
According to theoretical studies, both CuSbS2 and CuSbSe2 possess reliable optical
properties better than CuInSe2 (CIS) and ideal for PV applications. Optical proper-
ties of Cu-V-VI (V = P, As, Sb, Bi; VI = S, Se) materials were explored theoretically
by Libing Yu et al. [107], with special focus to photovoltaic applications. They pre-
sented a fundamental analysis of the controlling factors of absorption strength in
compound semiconductors [86]. Considering the Cu-V-VI (V = P, As, Sb, Bi; VI
= S, Se) system, the group V elements can exist in two oxidation states, +5 or +3
having respective valence electron conﬁgurations s◦p◦ and s2p◦. These conﬁgura-
tions mirror the Tl3+ s◦p◦ and Tl+ s2p◦ conﬁgurations of group III elements. Hence
the Cu-III-VI2 elements can be eﬀectively replaced by Cu-V-VI system for similar
or better photovoltaic performance. The Cu-V-VI system consists of four diﬀerent
element sets such as Cu-As-S, Cu-As-Se, Cu-Sb-S, Cu-Sb-Se each having composi-
tions with both high valence V 5+ and low valence V 3+. Moreover, calculations based
on GW approximation show that the absorption coeﬃcient of both CuSbS2 (CAS)
and CuSbSe2 (CASe) are as high as 105 cm−1 and possess optical band gap in the
range 1-1.5 eV satisfying the criteria for Shockley-Queisser criterion. In addition
to this, CAS and CASe chalcostibite systems are found to exhibit higher or similar
spectroscopic limited maximum eﬃciency (SLME > 20%) compared to the CuInSe2
chalcopyrite system [108].
Owing to the suitable optical band gap, high absorption coeﬃcient, and high
SLME, CAS, CASe materials can replace the ongoing absorbers in PV applica-
tion. In the present thesis work, in addition to the ternary CuSbS2, quaternary
CuSbSexS2−X has been also investigated for its photovoltaic performance. Although
less investigated, CuSbSexS2−X also possess direct band gap in the range of 0.9-1.1
eV [119]. The calculated optical absorption spectra of Cu-Sb based chalcogenides
using ﬁrst principles is shown in Figure 2.2 [120].
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Figure 2.2: Calculated optical absorption spectra for Cu-V5+-VI compounds and Cu-
V3+-VI compounds within the element sets of (a) Cu-Sb-S, (b) Cu-Sb-Se, using the
ﬁrst principles quasi-particle GW method based on wavefunctions generated from
hybrid functional HSE06. CuInSe2 (dashed) is shown as reference. Minimum band
gaps ( Eg ) are aligned at E = 0. The energy diﬀerences (∆) between Eg and dipole-
allowed direct gaps for the indirect materials are CuSbS2 (0.05 eV), Cu3SbS3 (0.13
eV), CuSbSe2 (0.09 eV), and Cu3SbSe3 (0.26 eV). Adapted with kind permission
from John Wiley and Sons.
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2.3.2 Electrical Properties
Both CAS and CASe possess p-type conductivity. The p-type conductivity in
CuSbS2 originates due to the shallow defects of Cu vacancy with low ionization
energy. According to Yang et al., CuSbS2 thin ﬁlms possess electrical conductivity
of 10−3 to 10−4 (Ω cm−1). Since the acceptor defects such as Cusb and donor defects
such as Sbcu and Cui exhibit high formation energy in comparison with Vcu, they
have no signiﬁcant eﬀect on the electrical conductivity of CuSbS2. Like in CuSbS2,
the higher population of shallow accepter (Vcu) contributes to the p-type conductiv-
ity of CuSbSe2. However, when the chemical potential goes from Se rich condition to
Se poor, p-type conductivity of CuSbSe2 can be switched to intrinsic. When doped
with extrinsic elements weak n-type conductivity can be achieved in CuSbSe2 due
to the shift of the Fermi energy upward to the 1 eV above VBM.
To conﬁrm the p-type conductivity of thin ﬁlms, often, hall eﬀect measurements
using the van der pauw method is used. CuSbS2 and CuSbSe2 are proved to have
p-type conductivity according to the above-mentioned characterization technique.
2.4 CuSbS2 PHOTOVOLTAIC ABSORBER: A REVIEW
Taking the economic and chemical advantages of CAS and CASe over chalcopyrite
into account, they have been mostly used as photovoltaic absorbers. This section of
the thesis summarizes the literature survey on synthesis and PV applications.
2.4.1 Material synthesis
Various chemical, as well as physical depositions techniques, are available for the
synthesis of CAS and CASe chalcostibite thin ﬁlms. Physical deposition techniques
include thermal evaporation and co sputtering. Moreover, there have been reports
on combining chemical and physical deposition techniques such as a combination of
chemical bath and thermal evaporation deposition techniques.
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2.4.1.1 Chemical deposition techniques
Chemical methods mainly include chemical bath deposition, spin coating, spray
pyrolysis, and electrode deposition.
(a) Chemical Bath Deposition (CBD)
For the fabrication of cost-eﬀective, large area thin ﬁlms for photovoltaic ap-
plications, CBD is a good choice among the other synthetic chemical approaches.
In a typical chemical bath deposition, cations and anions contained in a bath are
precipitated in a controlled manner on the substrates kept inside the bath for the
formation of the respective thin ﬁlms [121–123]. Using this technique, thin ﬁlm de-
position can be carried out as a single or multi-step process [124, 125] of the same
material or diﬀerent.
In a pioneering work reported by Nair et al. [126] deposition of CuSbS2 thin ﬁlm
was demonstrated through sequential deposition of Sb2S3 and CuS layers followed
by thermal annealing. The ﬁlms were having p-type conductivity and optical band
gap of 1.52 eV. In a follow-up work, the same group applied CBD deposited CuSbS2
in thin ﬁlm photovoltaics as an absorber layer. The growth of CuSbS2 thin ﬁlms on
glass substrates was reported by César Macías et al. via a single step CBD technique
where the bath containing SbCl3, C2H6O2, C4H8Na2O8, Na2S2O3, 1,3-dimethyl-2-
thiourea, CuCl2.H2O, deionized water was kept at 35 ◦C for 16 h [127]. Even though
the obtained ﬁlms were phase pure CuSbS2, long deposition time can be considered
as a barrier towards the device application of these ﬁlms.
(b) Spin coating
Spin coating is a simple and low-cost technique as CBD to deposit thin ﬁlms on
ﬂat substrates. A typical spin coating involves the deposition of a small amount of
coating material on to the substrate by rotating the substrate holder at a high speed
in order to spread the coating material by centrifugal force. The ﬁnal thickness of the
resultant thin ﬁlms usually depends on the viscosity, concentration of the solution
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and angular speed of the spinning [128–130]. Synthesis of CuSbS2 thin ﬁlms and their
application on PV devices by this method was reported by S. Banu et al. [88] where
the thin ﬁlms were fabricated on Mo coated soda-lime glass substrates using spin-
coating of hybrid inks with and without the nanoparticles (type A hybrid ink: Cu-S
nanoparticles and the Sb precursor and type B hybrid ink: a Cu precursor with an
Sb precursor without Cu-S nanoparticles) followed by a sulfurization process. Phase
pure CuSbS2 resulted in the hybrid ink containing no nanoparticles which enhanced
the photovoltaic performance of the cell: Mo/CuSbS2/CdS/i-ZnO/n-ZnO/Al with
highest ever reported eﬃciency of 3.22%. As an attempt towards fabrication of low-
cost PV devices, CuSbS2 thin ﬁlms were prepared by spin coating method by Bo
Yang et al. [86]. The experimental results were compared with theoretical studies
and the optical, electrical and chemical properties of CuSbS2 and its potential appli-
cations in PV devices were investigated. The theoretical studies reveals that CuSbS2
has intrinsically p-type conductivity with shallow VCu defects being the dominant
acceptors. For the experimental studies, a hydrazine-based solution process was used
for the fabrication of phase pure and highly crystalline CuSbS2 thin ﬁlms with large
grain size. Five layers were subsequently deposited to obtain a thickness of ∼1 µm.
After deposition of each layer, it was dried on a preheated hotplate at 100 ◦C for 10
min followed by thermal annealing at 250 ◦C for 3 min. The resultant ﬁlms showed a
direct optical band gap of 1.4 eV with a hole concentration of ∼1018 cm−3 and hole
mobility of 49 cm2/(Vs). This work paved way for further photovoltaic research on
this material. The formation of CuSbSe2 is also possible by spin coating technique.
A systematic theoretical and experimental studies on the fundamental properties
of CuSbSe2 and its application as an absorber material for PV devices reported by
Ding-Jang Xue et al. [108]. Theoretical studies revealed that the higher population
of shallow accepter (VCu) contributes to the p-type conductivity of CuSbSe2 as same
as CuSbS2. But the conductivity can be turned to intrinsic or even weakly n-type
under Se poor conditions similar to CuSbS2. The fabrication of CuSbSe2 thin ﬁlms
using hydrazine method, a systematical study on its properties (optical, electrical)
and its incorporation in solar cell in a substrate (FTO/CuSbSe2/CdS/ZnO/ITO/Al)
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conﬁguration described in their work. The best solar cell device showed a conversion
eﬃciency of 1.32% with an open circuit voltage of 0.274 V, short-circuit current den-
sity 11.84 mA cm−2 and ﬁll factor of 40.51%. The observed low eﬃciency of the cell
was attributed to the less optimization done to the device. The authors suggested
that passivation of interfacial defects, optimization of the band alignment, enhancing
the quality of CuSbSe2 ﬁlm and ZnO/ITO layer, addition of an antireﬂection coating
and optimization of device conﬁguration could improve the device performance.
(c) Spray pyrolysis
Spray pyrolysis is an easy and relatively cost-eﬀective technique for the fabri-
cation of thin ﬁlms of any composition as well as multi-layered and of large area.
Moreover, scalability, coatings of complex geometry, high-quality layers, uniformity
of thin ﬁlm and non vacuum highlight its applications to a great extent [131–133].
There are a few reports available on the fabrication of CuSbS2 thin ﬁlms by spray
pyrolysis technique. Manolache et al. reported the synthesis and characteriza-
tion of CuSbS2 thin ﬁlms and evaluated the response of 3D solar cell: TCO/dense
TiO2/CuSbS2/graphite, where the TiO2 and CuSbS2 thin ﬁlms were obtained via
spray pyrolysis deposition technique [134]. Their reports revealed that the presence
of an impure Sb2S3 phase, porous structure and band gap values of the resulted
CuSbS2 thin ﬁlms lower the photovoltaic response of the cells to a very low value.
Later on, the formation of the ternary crystalline chalcostibite (CuSbS2, Cu3SbS4,
and Cu3SbS3 phases) on FTO substrate using a spray pyrolysis deposition technique
using polymeric additives were reported by Ionut Popovici et al. The resultant ﬁlms
showed varied morphologies such as multigrain, ﬁber-like aggregates and worm-like
surface features depending on the parameters used in the deposition process and the
use of polymeric additives resulted in a densiﬁcation of the ﬁlms and a decrease in
the grain size [135]. The inﬂuence of substrate temperature on the growth and prop-
erties of spray-deposited CuSbS2 thin ﬁlm was investigated by S. Thiruvenkadam
et al. Their optical properties revealed that the band gap of all the ﬁlms deposited
at various condition were between 1.35-1.50 eV which is closes to the ideal band
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gap for the highest conversions eﬃciency of solar cell and the optical absorption
coeﬃcient more than 106 cm−1 [136]. The formation of CuSbS2 thin ﬁlms with a
minor phase of Cu2S using precursor solutions containing SbCl3, CuCl2, CS(NH2)2
on glass substrates at 200 ◦C was reported by Ramos Aquino et al. The obtained
ﬁlms showed a direct optical band gap of 1.45 eV and possessed carrier concentra-
tion 5× 1020 cm−3 respectively [137]. Even though there are a few reports available
for the formation of CuSbS2 thin ﬁlms by spray pyrolysis technique as mentioned
above, more investigation is needed to produce high-quality ﬁlms for the application
in photovoltaics.
(d) Electrodeposition
Electrodeposition is a well-established chemical technique in which thin ﬁlms
are deposited by applying an opposite charge of the particles to an electrode where
the particles get attracted and deposited [138]. For a successful deposition by elec-
trodeposition, the particles should possess a net surface charge to get attracted by
the oppositely charged electrode. Hence, metal sheet or glass substrates having
conductive coating are usually used as the electrodes (substrates for deposition) for
establishing the electric ﬁeld by applying a voltage [139]. Fabrication of CuSbS2
thin ﬁlm by sulfurization of an electrodeposited metallic stack composed of Cu and
Sb on a Mo-coated glass (Mo/glass) substrate was reported by Wilman Septina et
al. [140] where the sulfurization process was carried out at various temperatures
(450 and 510 ◦C) for the formation of phase pure ternary CuSbS2. CuSbS2 ﬁlm
with a dense structure and good adherence to the Mo substrate were obtained by
preheating the stacked-layer under Ar prior to sulfurization process. Solar cells
(Al:ZnO/CdS/CuSbS2/Mo/glass) having a maximum conversion eﬃciency of 3.13%
was achieved using this approach by them. Later on A.C. Rastogi et al. re-
ported the fabrication of CAS ﬁlms using single-step electrodeposition in choline
chloride–urea eutectic ionic liquid medium [141]. Highly crystalline single phase
CuSbS2 was demonstrated by potentiostatic electrodeposition in choline chloride-
urea eutectic ionic liquid medium. However, the deposited ﬁlms showed 3 order
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less conductivity compared to the ﬁlms obtained by other deposition methods and
which resulted in the failure in the fabrication of the PV device having the structure
Ag/(n)ZnO/(p)CuSbS2/FTO. The deposition of mesoporous ﬁlms of the CuSbS2
nanoplates on a conductive substrate by electrophoretic deposition (EPD) was re-
cently reported by Michael E. Edley et al. [142]. In their typical EPD deposition,
the setup consisted of two electrodes (two ITO) separated by a 2.5 mm channel
that was ﬁlled with a nanoplate dispersion of 9 mg/mL and the voltage was applied
to the electrodes for 20 min. The S2− capped CuSbS2 nanoplates were deposited
using a bias voltage of 5 V due to the relatively higher electrophoretic mobility in
comparison with those capped by oleylamine where the applied voltage was much
higher (250 V). The resultant ﬁlms turned in to phase pure CuSbS2 by the post-heat
treatment at 220 ◦C . CuSbSe2 thin ﬁlms also were synthesized using electrodepo-
sition technique by Ding Tang et al. where the electrodeposition of CuSbSe2 ﬁlms
were carried out in a stagnant three-electrode cell conﬁguration at room tempera-
ture (25 ◦C) with a SnO2-coated glass substrate as the working electrode, a pure
graphite plate as the counter electrode and a saturated calomel electrode (SCE) as
the reference electrode. Cu-rich and Cu-poor ﬁlms with a high optical absorption
coeﬃcient larger than 7 × 104 cm−1 and the optical band gap of about 1.09 eV were
reported [143].
2.4.1.2 Physical deposition techniques
Physical deposition technique is mainly classiﬁed into two. (i) Sputtering and (ii)
Thermal evaporation. The following section discusses in detail about it.
(i) Sputtering
Sputtering is a physical vapor deposition process that includes knocking out
and directing target material atoms towards a substrate by the bombardment of
energetic ions. Sputtering is used to obtain high-quality thin ﬁlms and thus used
extensively in the semiconductor industry to deposit thin ﬁlms of various materials
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for the applications in diﬀerent ﬁelds [144,145]. The fabrication and characterization
of CuSbS2 and CuSbSe2 thin ﬁlms and the incorporation of materials in photovoltaic
devices using a high throughput combinatorial sputtering method was reported by
Weltch et al. [106,146]. In this work, CuSbS2 absorber material was developed using
a three-stage self-regulated growth process to control the stoichiometry of the re-
sulting absorber at elevated growth temperature. The high-throughput experiments
indicated that 1.4 µm is the optimum thickness for CuSbS2 on Mo and 0.8 µm on
MoOx for the best harvesting of the sunlight. Highest eﬃciency obtained was ∼1%,
due to the poor short circuit current and open-circuit voltage. Their results indicated
that the crystallographic orientation and morphology of CuSbS2 played important
roles in determining the solar cell parameters [146]. The deposition of CuSbSe2 thin
ﬁlms was successfully reported by the same group using self-regulated sputter de-
position. CuSbSe2 thin ﬁlm with a band gap of 1.1 eV was incorporated in solar
cell and achieved a conversion eﬃciency of 3%. The authors reported that the less
photocurrent was due to bulk recombination, poor ﬁll factor due to issues of device
engineering and photovoltage deﬁcit originated from the non-ideal CuSbSe2/CdS
band oﬀset are the limiting factors in increasing the device eﬃciency [106]. Fabrica-
tion of phase pure CuSbS2 thin ﬁlms by sequential deposition of the Sb2S3 and Cu2S
precursor layers by RF magnetron sputtering, followed by annealing in nitrogen en-
vironment was recently reported by M I Medina-Montes et al. [72]. The reported
ﬁlms showed properties such as a direct optical band gap of 1.5–1.62 eV, absorption
coeﬃcient close to 105 cm−1 and p-type conductivity.
(ii) Thermal evaporation
Thermal evaporation is a common technique for the fabrication of thin-ﬁlm
and which includes heating a source material over its melting point so that the
evaporated particles travel through the vacuum chamber to the substrate where
they condense back to form the thin ﬁlm. The structural and electrical properties
of the ternary chalcogenides CuSbTe2, CuSbSe2 and CuSbS2 thin ﬁlms by thermal
evaporation (under a vacuum of about 1.3 mPa (10−5 Torr) and the rate of deposition
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was 30 nm/min) on glass substrates [147]. Thermoelectric power and Hall voltage
measurements indicated that the majority of carriers are holes for all the thin ﬁlms
(p-type conduction) and the temperature dependence of thermoelectric power of
samples showed that the ﬁlms were markedly non-degenerate semiconductors for
CuSbS2 thin ﬁlms and partially degenerate for CuSbSe2 thin ﬁlms, while CuSbTe2
thin ﬁlms were degenerate. In 2009 Adel Rabhi et al. [148] reported the fabrication of
CuSbS2 thin ﬁlms grown by thermal evaporation and the eﬀects of substrate heating
conditions on structural, optical and electrical properties. The crushed powder of
an ingot of CuSbS2 prepared using high purity Cu, Sb and S raw material was
the source material for their evaporation. The formation of polycrystalline CuSbS2
was obtained for the ﬁlms annealed from 170 ◦C and above (upto 200 ◦C) even
though starting annealing temperature was 100 ◦C. Strong absorption coeﬃcients
in the range of 105-106 cm−1 in the visible and near-infrared range and a direct
band gap lie between 0.91-1.89 eV were found for the ﬁlms annealed at various
temperatures. Their overall results concluded that the band gap and resistivity of
the ﬁlms showed a direct dependence with annealed temperature. The same group
reported the eﬀect of post-growth treatments in air atmosphere in the range of 100
to 300 ◦C resulted in the formation of the ﬁlms with high absorption coeﬃcients
and p-type conductivity [149]. The recent report on the synthesis of CuSbS2 thin
ﬁlms by thermal evaporation technique was reported by R. Suriakarthick et al. [150]
where the evaporant-source material was synthesized by the solvothermal method.
However, the as-prepared ﬁlm showed an optical band gap of 2.14 eV, a band gap
tailoring was achieved by increasing the substrate temperature (at 400 ◦C) and the
resulted ﬁlms showed a band gap of 1.64 eV and p-type conductivity.
2.4.1.3 Combined chemical bath and physical deposition techniques
Exploring the advantages of each to form excellent quality thin ﬁlms, combined
chemical bath, and physical depositions techniques (thermal evaporation or sputter-
ing techniques) can be used. The advantage of this method over the single CBD
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technique is, the precise control of stoichiometry as well as duration of the process.
The preparation of CuSbS2 thin ﬁlms by annealing sequentially deposited Sb2S3-Cu
stacked layers using CBD and thermal evaporation was reported by our group [151]
where the thin ﬁlms of antimony sulﬁde (Sb2S3) were chemically deposited on var-
ious substrates (glass and TCO substrates) from a bath contains SbCl3, acetone,
Na2S2O3 and distilled water and Cu layers were thermally evaporated [78, 152]. U.
Chalapathi et al. reported the formation of CuSbS2 thin ﬁlms by annealing chem-
ically grown Sb2S3 (by CBD method) and sputter-deposited Cu(Sb2S3/Cu) stacks
in a graphite box. Their results conclude that the Cu/Sb ratio from 0.85 to 0.97
resulted in a phase-pure CuSbS2 ﬁlms having orthorhombic crystal structure with a
p-type electrical conductivity and an optical band gap of 1.52 eV [153].
2.4.1.4 Post heat treatment methods
For the formation of the desired ternary phase, most synthesis methods include
deposition of the stacked layers of the desired elements/compounds followed by a
post-heat treatment which leads to the reaction of precursors obtain the desired
ternary phase. Annealing in a conventional vacuum oven, rapid thermal processing
and/or sulfurization are the mainly used post-treatment methods for the formation
of a pure ternary phase. The following section will give a detailed idea about these
three main post-heat treatment methods.
a. Vacuum annealing and Rapid Thermal Processing (RTP)
The vacuum annealing is a process in which the ﬁlms or precursors (stacked
layers of the constituent elements/compounds (for example stacks of CuS/Sb2S3 in
the case of CuSbS2) are allowed to heat inside a vacuum furnace at a speciﬁc tem-
perature to form the desired composition by reacting the precursors at the speciﬁed
temperature in a vacuum atmosphere. Since the process is carried out in a vacuum,
this annealing method oﬀers less chance of reacting the precursors with either oxy-
gen or any unwanted material. However, the long annealing time is a drawback of
Chapter 2. Cu-Sb chalcogenides for photovoltaic applications 35
this process. Often, this long annealing process can result in the formation of the
impure secondary phases such as Cu2S in the case of CuSbS2 phase. So that to
increase the production rate as well as the eﬃciency of the photovoltaic devices, cell
fabrication time must be reduced. Rapid thermal processing (RTP) is an alternative
to the conventional vacuum annealing process which helps to reduce eﬀectively the
cell fabrication time compared to the conventional heat treatment methods without
sacriﬁcing any thin ﬁlm or device properties, using a bunch of halogen or long arc
lamps. The high-temperature heat treatment for a short time in RTP makes the dif-
fusion process faster and avoids the oxidation of the ﬁlms that normally takes place
in conventional slow heating process by slower annealing processes. The advantages
such as excellent temperature control, gas control, improved ambient control, high
gas switching speed and uniformity make RTP more attractive in thin ﬁlm technolo-
gies compared to conventional vacuum annealing [154–160]. A detailed study on the
formation of phase pure CuSbS2 thin ﬁlms with improved crystallinity using RTP
heat treatment is of this thesis work.
b. Sulfurization
The thin ﬁlms of CuSbS2 have been successfully grown by a number of authors
by the sulfurization of metal precursors stack comprising copper and antimony at
appropriate temperatures where the deposition of the metal precursors for the sul-
furization process was done by various techniques such as electrodeposition, thermal
evaporation, and sputtering. Colombara et al. [161] produced single-phase CuSbS2
ﬁlms having a band gap of ∼1.5 eV and p-type conductivity by annealing Cu-Sb
layers (either by evaporation of a Cu/Sb stack or electrodeposition of Sb-Cu alloy)
in presence of sulfur vapor at temperatures above 350◦C . The fabrication of layers of
phase pure CuSbS2 from a metallic precursor stack comprising Cu and Sb was grown
by dc sputtering followed by a sulfurization at 400 ◦C under nitrogen atmosphere
inside a graphene box was reported by Enzo Peccerillo et al. [162]. A recent report
by Yuanfang Zhang et al. [73] on the synthesis of CuSbS2 thin ﬁlms by a two-step
process involved the co-Sputtering of Cu/Sb2S3 precursors over Mo coated soda-lime
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glass substrates followed by the sulfurization in a rapid thermal processor at 380 ◦C
for 3 minutes. Their results revealed that post-annealing treatment could improve
the electrical properties such as the minority carrier lifetime of CuSbS2 devices.
2.4.2 Photovoltaic device performance
There have been many reports on the preparation of CuSbS2 thin ﬁlms with various
chemical as well physical deposition techniques, among all these reports, a very few
demonstrated CuSbS2 and CuSbSe2 based PV device fabrication. A summary of
these published PV devices is shown in Table 2.1 below.
Table 2.1: Performance of the prototype devices based on the CuSbS2 and CuSbSe2
absorbers
Structure Voc(mV) Jsc (mA/cm2) FF (%) η (%) Ref
SnO2:F-nCdS:In-iSb2S3-pCuSbS2/Ag 335 0.2 ∼=25 ∼=0.017 [126]
SnO2:F/CdS/Sb2S3/CuSbS2/C:Ag 382 5.32 32 0.66 [127]
FTO/CuSbS2/CdS/ZnO/ZnO:Al/Au 440 3.65 31 0.5 [86]
MoOX/ CuSbS2/CdS/i-ZnO/ZnO:Al/Al 309±61 8.91±2.5 31±3.1 0.86±.34 [146]
SnO2:F/n-CdS/i-Sb2S3/p-CuSbS2/ C/Ag 405 7.54 32 1 [163]
Mo/ CuSbS2/CdS/i-ZnO/ITO/Al 622 13 ∼=32 2.55 [73]
Mo/ CuSbS2/CdS/i-ZnO/n-ZnO/Al 430 15.42 41.52 2.75 [71]
FTO/BL-TiO2/mp-TiO2+ CuSbS2 /HTM/Au 304 21.5 46.8 3.12 [81]
Al:ZnO/CdS/CuSbS2/Mo 490 14.73 44 3.13 [164]
Mo/CuSbS2/CdS/i-ZnO/n-ZnO/Al 470 15.64 43.56 3.22 [88]
FTO/ CuSbSe2/CdS/ZnO/ITO/Al 274 11.84 40.51 1.32 [108]
Mo/ CuSbSe2/CdS/i-ZnO/ZnO:Al/Al 350 20 44 3.5 [106]
Si3N4/Mo/ CuSbSe2/CdS/i-ZnO/ZnO:Al 380 24.5 41 3.8 [114]
The maximum conversion eﬃciencies reported so far for CAS and CASe are
3.22 and 3.5% respectively for CAS thin ﬁlms reported from a hybrid ink using spin
coating by S. Banu et al. and CASe formed by self-regulated sputtering process
reported by Welch.et.al. shown in Figure 2.3 [88,106].
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Figure 2.3: Light and dark J–V characteristics of the substrate CuSbS2 cell (glass
/Mo/CuSbS2/CdS/ZnO/Al) fabricated using hybrid ink (b) EQE curve of the
CuSbS2 device (c) J–V results for the most eﬃcient 3.5% CuSbSe2 PV device and
results of a histogram analysis of eﬃciency for 9 nominally equivalent, nonshunted
devices from the ﬁrst row on the combinatorial library as the inset. (b) EQE results
for the 3.5% CuSbSe2 PV device, including the integrated EQE × AM1.5G product,
and results of C–V analysis in the inset. Reused with kind permission from Elsevier
(a,b) and IOP science (c,d).
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2.4.3 Current research issues
The current photovoltaic research is more towards developing PV devices using low-
cost materials through cost-eﬀective fabrication techniques without compromising
much the conversion eﬃciency. Later, when these materials are really employed as
commercial solar cells, their performance is also sometimes questioned because ma-
jority of the times the fabricated and reported cells are just in the laboratory aspects
and would have large deviation from the expected performance if used commercially.
CuSbS2 and CuSbSe2, both contain low cost and environment-friendly constituent
elements and thus attract wide attention from the researchers worldwide based on
the economic viewpoints. Even though researchers started to work on these materi-
als a decades ago only a few demonstrated CuSbS2 and CuSbSe2 based PV device
fabrication. Among those devices, usually reliable Jsc values are obtained but either
the open-circuit voltage (Voc) or the ﬁeld factor (FF) or both are compromised.
Hence, even though the cell has a higher short circuit current density, the overall
performance is yet to be improved (refer to the Table 2.1). Many authors pointed
out that the low eﬃciency of CuSbS2 solar cells mainly arises from both the prob-
lematic absorber and unfavorable heterojunction conﬁguration [165, 166]. Intense
investigation is indeed to improve the devicel properties.
Chapter 3
CuSbS2 thin films: synthesis and
characterization
3.1 INTRODUCTION
This chapter deals with the synthesis and characterization of CuSbS2 thin ﬁlms and
the results of the ﬁlms as well. Here we used a combined chemical bath and thermal
evaporation approach followed by heat treatments. Various characterizations tech-
niques such as X-ray Diﬀraction (XRD), Raman Spectroscopy, X-ray photoelectron
spectroscopy (XPS), X-ray ﬂuorescence spectroscopy (XRF), Scanning electron mi-
croscopy (SEM), Atomic force microscopy (AFM), UV-Vis NIR Spectroscopy, I-V
and Photoresponse measurement systems were used for the analysis of structure,
elemental and chemical composition, morphology, surface roughness, optical and
electrical properties of the ﬁlms.
3.2 METHODOLOGY
CuSbS2 thin ﬁlms were synthesized by heating sequentially deposited Sb2S3/Cu stack
layers. First, thin ﬁlms of Sb2S3 were deposited using chemical bath deposition.
Then, Cu was thermally evaporated on the Sb2S3 followed by heat treatment in a
conventional vacuum oven, rapid thermal processing (RTP) system or both. The
following sections describe in detail the deposition process.
39
Chapter 3. CuSbS2 thin films: synthesis and characterization 40
Figure 3.1: Schematic representation of CuSbS2 formation
3.2.1 Preparation of Sb2S3/Cu layers
3.2.1.1 Chemical deposition of Sb2S3
Thin ﬁlms of antimony sulﬁde (Sb2S3) were deposited on cleaned glass, molybdenum
as well as TCO (ITO/FTO) substrates by chemical bath deposition [167] For that,
650 mg of SbCl3 was dissolved in 2.5 ml of acetone in which 25 ml of Na2S2O3·5H2O
(1 M) and 72.5 ml of deionized water were added and stirred. The glass substrates
(75 mm × 25 mm × 1 mm) were cleaned with neutral soap solution followed by
alcohol and isopropyl alcohol and dried in warm air. Such cleaned substrates were
placed horizontally in a Petri dish and the solution was carefully poured into it
without making bubbles. The bath was kept at room temperature (25 ◦C) for 2 h, 4
h, and 8 h. The ﬁlms were deposited only on the lower side of the substrates facing
the bottom of the Petri dish. The samples were washed gently with distilled water
and dried. The resulted thin ﬁlms were orange-yellow in color with good adhesion.
3.2.1.2 Thermal evaporation of Cu
Cu layer of diﬀerent thicknesses (varied from 1 nm to 100 nm) on Sb2S3 thin ﬁlms
were deposited by thermal evaporation technique (Torr International, Model No:
THE2–2.5 kW-TP). Cu wire of purity 99.99% was used as the source material for
evaporation. The evaporation process was carried out in high vacuum (10−6 Torr) at
a rate of 2 A˚/s keeping the substrates rotating with 20 rpm speed. The copper ﬁlm
thickness was estimated in situ using a quartz crystal thickness monitor installed in
the evaporation system.
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3.2.1.3 Post heat treatments
In the present thesis work, the Sb2S3-Cu precursor layers with diﬀerent Cu thick-
nesses were annealed in a vacuum oven (TMVacuum Products, Model: V/IG-80314).
The annealing process was carried out at 350 ◦C and 380 ◦C under 10−3 Torr for
30 min, 45 min, and 1 h. The annealed samples were labeled with preﬁx CAS.
After identifying the copper thickness (Cu-50 nm) to form nearly phase pure ﬁlms,
glass/Sb2S3-Cu layers (Cu-50 and 100 nm) were heated in a rapid thermal processing
(RTP) sysztem (Ecopia, Model: RTP-1300). The high temperature heat treatment
for short time in RTP (Figure 3.2) makes the diﬀusion process fast and avoids the
oxidation of the ﬁlms that normally takes place in slower annealing processes which
resulted the formation of phase pure thin ﬁlms [168]. The samples were heated in the
RTP system at 500 ◦C and 600 ◦C at a pressure 10−3 Torr for 5 min. Furthermore,
380 ◦C annealed Sb2S3/Cu layers (Cu-50 and 100 nm) were also subjected to RTP
(pre-annealed RTP) at the same conditions as described above to examine the eﬀect
of further crystallization or grain growth on the CuSbS2 ﬁlms.
3.3 CHARACTERIZATION TECHNIQUES
The deposited CuSbS2 thin ﬁlms were subsequently characterized for their surface
morphology and structure and for diﬀerent properties such as optoelectronic, elec-
trical, and optical. Each of these characterization techniques was chosen based on
the thin ﬁlm property being analyzed. Hence, it is relevant to brieﬂy explain the
mechanism behind each characterization method employed in the thesis to have a
better understanding of the technique. This section of the thesis thus describes
brieﬂy the basic mechanism of the characterization techniques involved in the thesis
for evaluating the properties of the CuSbS2 thin ﬁlms.
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Figure 3.2: Graphical representation of duration of heating in vacuum oven as well
as in RTP
3.3.1 X-ray Diffraction (XRD)
X-ray diﬀraction is widely used to characterize the structural properties of materials
by measuring the scattering patterns produced by samples. X-rays will be scattered
in all directions when it strikes atoms. If the sample is constituted by a periodic
array of atoms, the scattered waves will reinforce in some speciﬁc directions and will
cancel each other in other directions. The relation between the wavelength of the
X-ray (λ), spacing between the lattice planes (d) and the angle of incidence (θ) is
given by,
nλ = 2d sin θ (3.1)
where n is the order of diﬀraction. The above equation is known as Bragg’s
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condition and serves as the principle behind X-ray diﬀraction technique. According
to the Bragg’s condition, as the interplanar distance of a crystal changes, the angle
of incidence will also be changed accordingly at a given constant wavelength and
thus the technique can be eﬀectively used to identify the crystal structures of the
analyzed samples given they are fully or partially crystalline.
In the present thesis work, the XRD technique was employed to analyze the
structure of the deposited CuSbS2 thin ﬁlms. For the analysis, the diﬀractometer was
operated in the normal mode for the preliminary prepared CuSbS2 thin ﬁlms using a
Bruker D8 Advance diﬀractometer which employs a Cu-Kα radiation (λ=1.54056 A˚).
Later on, grazing incidence mode (GIXRD) was used to reduce the background noise
on the acquired diﬀractograms. A Panalytical Empyrean diﬀractometer employing
Cu-Kα radiation of wavelength 0.154 nm was used for the XRD analysis and the
acquired XRD patterns were compared with standard JCPDS values of the respective
phases for identiﬁcation of the phases and their crystal structures.






where D is the crystallite size, λ is the wavelength and β is the full width
at half maximum (in radians, FWHM) of the peak analyzed. Even though XRD
analysis is a powerful tool to characterize the crystalline properties of materials, it
possesses a major limitation that amorphous samples cannot be identiﬁed using this
technique [169,170].
3.3.2 Raman spectroscopy
The structure and composition of materials can be analyzed by Raman spectroscopy
based on the interaction between light and vibrational modes of the material (phonons).
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Monochromatic light can interact with the samples in two diﬀerent ways:
(i) Elastic scattering of photons where the energy is conserved (known as Rayleigh
scattering)
(ii) Inelastic scattering where the photons exchange energy with crystal lattice
(Raman scattering or Raman eﬀect)
The Raman spectrum consists of two regions such as the stokes region (photons
are scattered at lower energy than the Rayleigh energy) and the anti-stokes region
(photons are scattered at higher energy than the Rayleigh energy). Depending on the
molecular vibrations of each material, the peak positions observed in Raman spectra
change due to the change in energy absorbed and thus can be used to identify the
compounds [171,172]. Raman spectroscopy is used as a complementary technique to
XRD in the present work to analyze and conﬁrm the formation of the CuSbS2 phase.
It also served to identify any impurity phases present in the samples thus helping to
control the deposition parameters to obtain phase pure CuSbS2. Thermo Scientiﬁc
DXR micro Raman spectrometer was used in the thesis for collecting the Raman
spectra of the samples. The spectrometer was equipped with a 532 nm excitation
line and the spectra were collected by scanning in the range 30 to 3500 cm−1. As
Raman spectra can be used to identify both crystalline and amorphous phases, it
was eﬀectively used to identify the presence of any phases present in the samples
whether they were crystalline or amorphous.
3.3.3 X-ray photoelectron spectroscopy (XPS)
XPS is a surface characterization technique used to collect information on the el-
emental composition and chemical states of the samples. The working principle
behind the technique can be explained as follows. When monochromatic X-rays of
high energy interact with materials, they eject electron from the core energy levels
which are called photoelectrons.The kinetic energy of these photoelectrons is ana-
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lyzed using a detector and later converted into binding energies (BE´s). Finally, the
binding energy is plotted versus the number of photoelectrons emitted per second.
Elemental composition analysis using XPS is usually done by scanning the spectrum
in a wide range of BEs and then identifying each element present in the sample sur-
face. Small BE ranges corresponding to the elements of interest are then scanned in
high resolution to assign the chemical states associated with diﬀerent phases present.
In an XPS spectrum, peaks appear due to the emission of photoelectrons from spe-
ciﬁc binding energy states in the material. Quantiﬁcation of the composition of the
sample surface is also possible through measurement of the BE of the emitted pho-
toelectrons. The p, d and f orbitals in the XPS spectra split into two peaks due to
the coupling of the orbital angular momentum (l) with electron spin (s). The orbital
“s” does not split since the orbital angular momentum associated with the “s” orbital
is zero. On the other hand, type of bonding in compounds accounts for the chemical
state of each atom. Changes in the potentials on the valence shell will inﬂuence the
energy needed to remove the inner core electrons in a material and hence the BE
will shift accordingly depending on the valence charge acquired. For instance, the
BE energy will shift to lower values if the atom acquires a partial negative valence
charge. This shift in BE can be identiﬁed by high-resolution scans in the speciﬁed
energy ranges in XPS and hence can be used as a method to identify the diﬀerent
oxidation states associated with diﬀerent phases. XPS machines also have the ca-
pability to carry out sample depth proﬁling by removing the surface atoms due to
bombardment using energetic Ar+ ions. In this way, the distribution of the elements
through depth of the samples can be identiﬁed and hence the composition variations
through the ﬁlm thickness can also be tracked. Additionally, average thickness of
thin-ﬁlm samples can be estimated if the sputtering rate is known [169,170,172,173].
In the present work, the elemental composition and chemical states of the CAS
thin ﬁlm samples were analyzed using a Thermo Scientiﬁc K-alpha X-ray photoelec-
tron spectrometer equipped with monochromatic Al-Kα radiation of energy 1486.6
eV available in our laboratory. Typically, a low-resolution scan in a wide range
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was used for identifying the elements and high-resolution core level scans were col-
lected for further chemical state analysis. All the XPS peaks were corrected using
BE of adventitious carbon at 284.6 eV; peak deconvolution was done by applying a
Shirley-type background calculation and peak ﬁtting using the sum of the Gaussian-
Lorentzian function.
3.3.4 X-ray fluorescence spectroscopy (XRF)
The interaction of X-rays with matter below the electron-positron pair production
threshold is dominated by three processes such as elastic scattering, inelastic scat-
tering, and photoelectric eﬀect. The elementally distinct or characteristic X-ray
spectrum that is emitted from an atom as an inner-shell hole is ﬁlled is named as
XRF. When such transitions occur, characteristic X-ray energies emitted serve as
a “ﬁngerprint” for the element being analyzed and are quite distinct. According
to the electron-hole being ﬁlled and the strength of the decay channel, the ﬂuores-
cence spectra are labeled. For instance, when an LIII(2p3/2) electron ﬁlls a K hole,
the emitted X-ray is termed as Kα1. A similar kind of nomenclature is used for
the L holes and so on. Even though the X-ray absorption cross-sections, ﬂuores-
cence yields, and characteristic X-ray spectra are virtually unchanged by the sample
environment except very near threshold due to the chemical eﬀects on inner-shell
wavefunctions are small, the measured signal can strongly depend on absorption and
secondary excitation. Characteristic X-ray lines usually have bandwidth of a few eV
which is smeared by the resolution of the detector. The ﬂuorescence signature cor-
responding to each element is distinct even when the analyzed elements are nearby
in the periodic table and thus the technique can be eﬀectively used for identifying
the same [169,174,175].
The XRF technique was used in addition to the XPS to determine the elemental
composition of the CAS thin ﬁlms.
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3.3.5 Scanning electron microscopy (SEM)
SEM is a microscopy method using a focused electron beam to image the surface
morphology of samples. The energy of the electrons used in SEM may vary between
100 eV and 30 keV. When electrons interact with matter, diﬀerent phenomena may
take place as described below.
(i) Electron backscattering, where the energy of the electrons is comparable to
that of the incident energy
(ii) Emission of secondary electrons which are low energy electrons emitted from
the top sample surface
(iii) Production of characteristic X-ray radiation which can be used for elemental
analysis
(iv) Emission of Auger electrons (not considered in SEM)
In the normal imaging mode in SEM, typically secondary electrons (SE) are
characterized since these electrons contain the most information regarding the sam-
ple surface morphology. However, backscattered electrons (BSE) are also analyzed
for phase-contrast information. The backscattered electrons are strongly inﬂuenced
by the nuclei of atoms and thus diﬀer when scattered by diﬀerent elements that
can be used for identifying diﬀerent elements/ phases from the originating contrasts.
The average energy of the backscattered electrons is much higher than that of the
secondary electrons since the backscattered electrons are resulted due to elastic scat-
tering. Heavier elements produce more BSE and appear brighter compared to lighter
elements in the collected image. When electrons interact with matter, it may also
strike out an inner electron that can be later occupied by an outer shell electron.
While the transition from the outer shell to an inner shell takes place, to conserve
energy, an X-ray is emitted which is a characteristic X-ray depending on the ener-
gies of the atomic orbitals of each element. Hence, by identifying the energy of the
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emitted X-ray, the element from which it is emitted can be detected. SEM machines
use diﬀerent kinds of detectors for either analyzing the electrons or the X-ray ra-
diations and digital set-ups for converting them into images or easily interpretable
EDX spectra [176].
In the present thesis, SEM was used mainly to identify the surface morphology
of the deposited CAS thin ﬁlms. A Hitachi SU8020 ﬁeld emission SEM was employed
for the analysis. However, in some cases, elemental mappings were also acquired for
information on the distribution of each element throughout the sample.
3.3.6 Atomic force microscopy (AFM)
Surface features with unprecedented clarity can be imaged using AFM. Any suﬃ-
ciently rigid surface either in the air or with the specimen immersed in liquid can be
examined using this technique. The data obtained using AFM can also be compared
with the information acquired using low-resolution techniques since the ﬁeld of view
in AFM can be varied from the atomic or molecular scale up to sizes above 125 µm.
In contrast to the electron microscopes, AFM can provide 3D images of the sur-
face without expensive sample preparation protocols. There are diﬀerent operation
modes in AFM under these two categories among which contact mode, deﬂection or
error mode, lateral force microscopy are the ones in the DC mode and non-contact
mode, intermittent contact mode, phase imaging mode, and force modulation are
some modes belong to the other category. Explaining each of these operation modes
will be out of the context of the thesis. The ability of AFM to produce real 3D
images of a sample surface can be considered as a major advantage of the technique
over SEM which may help in detailed interpretation of the morphology and surface
roughness of thin ﬁlms [169,177].
The surface morphology of the CAS thin ﬁlms was characterized by AFM in
addition to SEM. Most of the time the images were acquired in the contact mode
unless otherwise speciﬁed. The AFM images provided a better understanding of
Chapter 3. CuSbS2 thin films: synthesis and characterization 49
the topography of the thin ﬁlms formed through CBD and thermal evaporation
techniques.
3.3.7 UV-Vis NIR spectroscopy
Ultraviolet and visible near infrared (UV-Vis NIR) absorption spectroscopy deals
with the measurement of the attenuation of a light beam after passing through a
specimen or after reﬂection from a sample surface [169, 178]. Usually, for thin ﬁlm
samples of known thicknesses (t), the transmittance (T ) and reﬂectance (R) spectra
as a function of wavelength (λ) are recorded from which the absorption coeﬃcient










From the absorption spectra, the optical band gap (Eg) of the materials, deﬁned
as the minimum energy required to excite an electron from the top of the valence
band to the bottom of the conduction band, can be estimated from the Tauc plot:
(αhν)n = A(hν − Eg) (3.4)
where n = 2, 1/2 and 2/3 for direct allowed, indirect allowed and direct forbid-
den transitions respectively and is the optical band gap, h is the planck’s constant,
ν is the frequency and A is a constant. The band gap was determined from (αhν)n
vs hν curve by drawing an extrapolation of the data point to the photon energy
axis where (αhν)n = 0, gives the optical band gap Eg. For photovoltaic applica-
tions, the optical band gap is an important parameter since it will directly aﬀect
how much percentage of the incident light is absorbed. For solar cells, 1.5 eV is
the optimum band gap for maximum photoconversion eﬃciency according to the
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Shockley-Queisser limit which gives the peak power of the solar cell device, as men-
tioned in section 3.4.4
In this thesis, a dual-beam spectrophotometer (Jasco-V770) was used for the
optical characterization of the CuSbS2 thin ﬁlms. Optical transmittance and re-
ﬂectance of the ﬁlms were measured for a wide range of wavelength covering the
UV-Vis-NIR regions (∼ from 250 to 2500 nm) and then the optical band gaps were
estimated using the equations as described above. In each measurement, a plain
substrate was used as the reference in the spectrophotometer while keeping the thin
ﬁlm sample on the sample holder. The baseline measurement was done by keep-
ing two glass substrates simultaneously and scanning the entire region (one in the
reference path and other in the sample path).
3.3.8 Electrical characterization
In this section, the electrical characterizations carried out on the thin ﬁlm samples
are brieﬂy described.
The electrical characterization includes mainly D.C. conductivity and photo-
conductivity.
The conductivity of a material is the ability to conduct electrical current and





where ρ is the resistivity of the material. The resistivity of thin ﬁlms can be
obtained if the resistance and physical dimensions of the electrodes and thin ﬁlm
thicknesses are known. According to Ohm’s law, the resistance is given by:





where ρ is the resistivity in Ω cm, R is the resistance measured using Ohm’s
law in Ω, w is the width of the electrodes, t is the thickness of the ﬁlm and l is the
distance between two electrodes [169].
In this thesis, typically a pair of electrodes having equal dimensions were
painted on the ﬁlm surface using colloidal silver to use as the terminals in the
two-point probe technique. A keithley picoammeter/ voltage source (Model No.
6487) was employed for applying the voltage through the painted electrodes and
simultaneously measuring the current. From the I-V curves, the average resistance
was calculated and then the conductivities of the ﬁlms were determined using the
equations described above.
An increase in the electrical conductivity of a semiconductor due to the ab-
sorption of light of suﬃcient energy is called photoconductivity [179]. The photocon-
ductivity measurements are usually realized by measuring the current at a constant
applied voltage under dark and illumination for a speciﬁc interval of time. In this
work, the photoconductivity measurements were done using the same keithley source
while the sample was illuminated using a tungsten halogen lamp and under dark.
3.4 RESULTS AND DISCUSSIONS
CuSbS2 thin ﬁlms were fabricated by heating chemically deposited Sb2S3 and thermal
evaporated Cu. Stack layers after heat treatments, thin ﬁlms turned to dark brown.
This section of the thesis describes the crystal structure, elemental composition,
chemical state, morphology, optical and electrical properties of the ﬁlms formed at
diﬀerent conditions. The ﬁrst section of this discussion part focuses on the eﬀect of
precursor layer thickness such as Cu/Sb layer thickness on the formation of ternary
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CuSbS2 phase. The eﬀect of heat treatments such as conventional vacuum oven
annealing, rapid thermal processing (RTP) and both for the formation of phase pure
CuSbS2 is discussing on the 2nd part.
3.4.1 Crystal Structure
The crystal structure of the thin ﬁlms formed at diﬀerent conditions was analyzed
from the XRD patterns and the chemical structure by Raman spectra.
3.4.1.1 Effect of precursor thickness
I Variation of Cu layer thickness
(a) X-ray Diffraction (XRD)
To study the eﬀect of Cu layer thickness on the formation of the phase pure
CuSbS2 phase, the XRD patterns of samples formed on glass substrates by varying
Cu layer thickness from 1 to 100 nm were analyzed.
XRD patterns of Sb2S3 and Sb2S3-Cu thin ﬁlms annealed in the conventional
vacuum oven at 380 ◦C for 1 h are shown in Figure 3.3 and Figure 3.4 [180]. The
patterns of the Sb2S3 and the ﬁlms with lower Cu thickness such as 1, 2, and 5
nm are shown in Figure 3.3. The diﬀractograms show peaks corresponding to the
(020), (120), (130), (211), (140), (301), (240), (421) and (511) crystal planes of
orthorhombic Sb2S3 according to the JCPDS ﬁle No. 42-1393 (also included in
Figure 3.3). No additional peaks or change in the crystalline structure is observed
for the ﬁlms deposited using 1 nm Cu in comparison with that of Sb2S3. However, an
additional peak is observed at 2θ = 28.07◦ when the Cu thickness was increased to 2
nm corresponding to the (111) plane of CuSbS2 thereby showing that the formation
of the ternary phase started from Cu 2 nm onwards. While increasing the Cu
thickness to 5 nm, the same kind of pattern was followed by diminishing more peaks
corresponding to the Sb2S3 phase.
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Figure 3.3: XRD patterns of Sb2S3-Cu thin ﬁlms annealed at 380 ◦C for 1 h in
vacuum oven (10−3 Torr) with varying Cu thickness: Sb2S3 (no copper), Sb2S3
with Cu 1 nm, Sb2S3 with Cu 2 nm, Sb2S3 with Cu 5 nm. The standard pattern
corresponding to Stibnite Sb2S3 is included. Reprinted with kind permission from
Elsevier (https://doi.org/10.1016/j.solmat.2017.02.005).
Figure 3.4 shows the XRD patterns of the annealed Sb2S3/Cu samples with
varying Cu layer thicknesses 20, 50, and 100 nm. The major peaks marked by
(200), (111), (410), (301), (501) and (800) are assigned to the orthorhombic CuSbS2
according to JCPDS ﬁle # 44-1417 (also included in Figure 3.4) along with less
intense peaks of Sb2S3 are present for 20 nm copper diﬀused ﬁlms (CAS Cu20).
These XRD peaks are coinciding with the reported results of CuSbS2. Nair et
al. [126] reported the formation of ternary CuSbS2 ﬁlms by annealing chemically
deposited multilayer thin ﬁlms and Yang et al. [86] by spin coating followed by a hot
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Figure 3.4: XRD patterns of Sb2S3-Cu(CAS) thin ﬁlms annealed at 380 ◦C for 1
h in vacuum oven (10−3 Torr) with varying Cu thickness: Sb2S3/Cu with Cu 20
nm, Sb2S3 with Cu 50 nm, and Sb2S3 with Cu 100 nm. The standard pattern
for orthorhombic CuSbS2 (PDF#44–1417) is also included. Reprinted with kind
permission from Elsevier (https://doi.org/10.1016/j.solmat.2017.02.005).
plate heat treatment. In both studies, the major XRD reﬂections are from the same
planes as observed in the present work. Intensity of CuSbS2 peaks increases for the
ﬁlms having Cu layer thickness of 50 (CAS Cu50) and 100 nm (CAS Cu100), with
no Sb2S3.
The presence of a very feeble peak of Cu2S was observed at 2θ = 13.8◦ for the
CAS ﬁlms having Cu 20, 50 and 100 nm thicknesses. It might have originated due
to the long-time conventional oven annealing.The presence of impurity Cu2S peak
was reported by Aquino et al. [137] and Acosta et al. [151] for the spray pyrolyzed
Chapter 3. CuSbS2 thin films: synthesis and characterization 55
ﬁlms as well as the ﬁlms formed by combined chemical bath and thermal evaporation
techniques respectively. CuSbS2 ﬁlms with binary CuS as minor phases were formed
when Sb-Cu metal precursors were sulfurized at diﬀerent temperatures as reported
by Colombara et al. [161]. These results support the possible formation of feeble
binary impurity phases (CuS and Cu2S) while forming the CuSbS2 phase involving
a thermal annealing step. However, in this present work, for the Cu thickness of 50
nm and above, for the given thickness of Sb2S3 (200 nm), nearly phase pure CuSbS2
thin ﬁlms were formed as revealed by XRD analysis. On the other hand, the presence
of the impurity phase in the thin ﬁlms cannot be ruled out completely considering
the 2% error limit of XRD.
For the photodetector application, the selected Cu layer thicknesses (20, 30 and
40 nm) were deposited on the Sb2S3 thin ﬁlms coated on glass substrates. Structural
characterization of CAS Cu 20 nm, CAS Cu 30 nm, and CAS Cu 40 nm thin ﬁlms
annealed at 380 ◦C for 1 h is shown in Figure 3.5. Here the diﬀraction patterns were
collected in the grazing incident mode using PANalytical Empyrean Diﬀractometer
in the range of 2θ = 10-60 ◦C. For all these 3 samples, the diﬀraction patterns were
collected at 0.5◦ incident angle in grazing incident mode. As observed in Figure
3.5 [181], for all of these samples the major reﬂections are originated from the planes
(200), (101), (111), (410), (301), (501), (221), (321), (002), (800), and (212) that
correspond to the orthorhombic crystal structure of CuSbS2 (JCPDS#44-1417). For
CAS Cu 20, Cu 30 nm thin ﬁlms showed an additional reﬂection from the planes
(020) and (120) and that corresponds to the stibnite Sb2S3 phase, which may arise
from the unreacted chemically deposited Sb2S3 layer crystallized during heating. All
the peaks in the reference JCPDS are identiﬁed in the CAS Cu 40 nm thin ﬁlm
without any reﬂections from the Sb2S3 plane. The above result implies that to form
the complete ternary CAS phase there is a deﬁciency of Cu in the CAS 20 and CAS
30 thin ﬁlms. Among the three samples, phase pure CAS with improved crystallinity
was observed for the CAS 40 nm ﬁlm from the diﬀraction pattern analysis. Compared
to CAS 20 and 30 ﬁlms, the intensity of the peak corresponds to the plane (111)
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Figure 3.5: XRD pattern of CuSbS2 thin ﬁlms with varying Cu thicknesses 20,
30 and 40 nm annealed at 380 ◦C for 1 h in vacuum oven. The standard pat-
tern corresponding to orthorhombic CuSbS2 is included (PDF#44-1417) (DOI:
10.1039/C8RA05662E).
is diminished and the ﬁlm gorwth tends to orient along (410) and (301) planes for
CAS 40 sample. The crystalline size estimated for the CAS 20, CAS 30 and CAS
40 samples from the Scherrer equation (3.2) were 13, 13.6 and 14.6 nm respectively
where the crystalline size increased with the increase in the Cu layer thickness.
(b) Raman analysis
The Raman spectra recorded using 532 nm laser excitation for identifying the
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crystalline nature of thin ﬁlms are shown in Figure 3.6 and 3.7 given below.
Figure 3.6: Raman spectra of Sb2S3-Cu thin ﬁlms annealed at 380 ◦C for 1 h in
vacuum oven (10−3 Torr) with varying Cu thickness: Sb2S3, Sb2S3 with Cu 1 nm,
Sb2S3 with Cu 2 nm, Sb2S3 with Cu 5 nm.
Figure 3.6 shows the Raman spectra of Sb2S3, Sb2S3/Cu thin ﬁlms annealed
at 380 ◦C for 1 h in vacuum oven (10−3 Torr) with varying Cu thicknesses 1, 2 and 5
nm. All the samples were Raman active and the corresponding peaks are marked in
the ﬁgure. As speciﬁed by Yun Liu et al. [182], the Raman and infrared (IR) modes
of Sb2S3 are mutually exclusive and there are 60 phonon modes at zone center (Γ)
where 3 are acoustic phonon modes (Γacoustic=B1u+B2u+B3u), 30 are Raman active
(ΓRaman=10Ag+5B1g+10B2g+5B3g), 22 are IR active (ΓIR=4B1u+9B2u+9B3u),
and 5 are optically silent (Γ silent = 5Au) modes. Experimentally they found only
four Raman actives modes of Ag, B1g, B2g, and B3g at the wavenumbers 47.7, 50.8,
54.3, 69.1, 74.5, 99.1, 100, 124.1, 196.7, 208.2, 231.4, 251, and 257.9 cm−1.
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Figure 3.7: Raman spectra of Sb2S3-Cu(CAS) thin ﬁlms annealed at 380 ◦C for 1
h in vacuum oven (10−3 Torr) with varying Cu thickness: Sb2S3/Cu with Cu 20
nm, Sb2S3 with Cu 30 nm, Sb2S3 with Cu 40 nm, Sb2S3 with Cu 50 nm and Sb2S3
with Cu 100 nm. Reproduced with kind permission from RSC advances (DOI:
10.1039/C8RA05662E).
Later on, Y A Sorb et al. [183] reported a few new Raman active modes A1g,
A2g and A3g at wavenumbers 195, 286 and 308 cm−1 and B3g, B2g modes at 241 and
314 cm−1 respectively. Here in the present spectra, all thin ﬁlms show the Raman
active modes at 107.8, 126.5, 154.9, 254, 190.4, 238.3, 281 and 303 cm−1 and which
are attributed to the vibrational modes of Sb2S3 [182, 183]. A minor peak present
at 333 cm−1 for Sb2S3 with Cu thicknesses 2 and 5 nm ﬁlms are corresponding to
the CAS phase. As speciﬁed by Baker et al. [184] in a study on pressure-induced
structure transformation in orthorhombic CuSbS2 (Pnma space group), the Raman
active zone-center vibrational modes can be described with four Raman active modes
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Table 3.1: Raman peaks for CuSbS2 and Sb2S3
Wave number (cm−1) Compound Vibrational modes
107.8 Sb2S3 Ag [182,183]
109 CuSbS2 [184]
126.5 Sb2S3 B2g [182,183]
148 CuSbS2 [184,185]
154.9 Sb2S3 [186,187]
190 Sb2S3 A1g [182,183]
238.3 Sb2S3 B3g [182,183]
281 Sb2S3 A2g [182,183]
303 Sb2S3 A3g [182,183]
333 CuSbS2 [184,185]
(Ag, B1g, B2g and B3g) and three infrared active modes (B1u, B2u and B3u). The
Raman spectrum for an unoriented CuSbS2 sample at 532 nm excitation wavelength
published in RRUFF database [185] also supports the present ﬁndings. This implies
that the ternary phase CuSbS2 started to grow at Cu thickness 2 nm which is in
good agreement with the observed XRD results for these same ﬁlms. Raman spectra
of Sb2S3-Cu(CAS) (CAS) thin ﬁlms annealed at 380 ◦C for 1 h in a vacuum oven
(10−3 Torr) with varying Cu thickness 20, 30, 40, 50 and 100 nm are shown in
Figure 3.7 [181]. As seen in ﬁgure, all these samples characterize major Raman
peaks corresponding to the CAS phase. For the samples having Cu thickness up to
50 nm, major Raman vibration is at 333 cm−1 whereas for the Cu 100 nm sample
vibrations are at 148 and 109.5 cm−1 which is attributed to the CAS phase. When
we compare these results with XRD, the CuSbS2 and Cu3SbS4 possess a common
peak at 2θ = 50.2◦. It is evident from Figure 3.4, as the Cu layer thickness increased
from 20 to 100 nm, an increase in the intensity of this peak was observed which
supports the shift in Raman peaks and indicate the phase transition of CuSbS2 to
Cu3SbS4 . The samples with 20 and 30 nm Cu thickness showed Raman bands
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corresponding to impurity phase (Sb2S3) as marked by the peaks present at 281 and
303 cm−1 which also coincide with the XRD results of these samples. The Raman
peaks of CuSbS2 and Sb2S3 are tabulated in Table 3.1.
II Variation of Sb2S3 layer thickness
Figure 3.8: XRD patterns of Sb2S3-Cu(CAS) thin ﬁlms annealed at 350 ◦C for 30
mins in vacuum oven (10−3 Torr) with varying Cu thickness: 25, 50 and 75 nm by
keeping the CBD bath of Sb2S3 for (a) 4 h at 25 ◦C (b) 8 h at 25 ◦C. The standard
pattern corresponding to orthorhombic CuSbS2 is included in the same ﬁgure.
For the further improvement of the ﬁlm properties, Sb2S3 CBD duration was
changed from 2 to 4 and 8 h while simultaneously varying the Cu thickness. Figure
3.8 (a and b) shows the XRD patterns of the CAS 25, 50 and 75 nm samples
deposited using 4 h and 8 h Sb2S3 bath durations respectively along with the JCPDS
pattern corresponding to orthorhombic CuSbS2. All the deposited Sb2S3/Cu samples
in this case were annealed at 350 ◦C for 30 min in vacuum oven. For 4 h Sb2S3
ﬁlms, the major reﬂections from the CAS 25 nm samples are from Sb2S3 phase due
to the deﬁciency of Cu in these samples to form the ternary CuSbS2. However,
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Figure 3.9: Raman spectra of Sb2S3-Cu(CAS) thin ﬁlms annealed at 350 ◦C for 30
mins in vacuum oven (10−3 Torr) with varying Cu thickness: 25, 50 and 75nm by
keeping the CBD bath of Sb2S3 for 4 h and 8 h at 25◦C.
for Cu thickness 50 nm, the XRD pattern shows major peaks attributed to the
CuSbS2 phase. A similar diﬀraction pattern is observed for the CAS 75 nm sample
as well with the diﬀerence that a better orientation along the (301) crystal plane
of orthorhombic CuSbS2 for the CAS 75 nm thin ﬁlm sample. In addition to the
Sb2S3 or CuSbS2 phases, all the samples exhibit minor presence of the Cu2S phase
as denoted in the Figure 3.8. Similar results are observed for the 8 h Sb2S3 based
CAS thin ﬁlm samples where Sb2S3 is the major phase for the 25 nm Cu thickness
and for higher Cu thicknesses (50 and 75 nm), CAS is the major phase.
Raman analysis on the CAS samples deposited using 4 and 8 h Sb2S3 supported
the XRD results. The corresponding Raman spectra are given in Figure 3.9 for 4 h
and 8 h Sb2S3 having varying Cu thicknesses. As evident from the ﬁgure, in both
sets of samples, the CAS 25 nm sample showed Raman bands at 280 and 303 cm−1
originated from the vibrational modes of Sb2S3 along with a small peak at 333 cm−1
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due to the vibration mode of CuSbS2. For 4 h CAS ﬁlms, as Cu thickness increased
to 50 or 75 nm, intensity of the 333 cm−1 peak increased and Sb2S3 vibrational peak
303 cm−1 completelety diminished. For the 8h CAS ﬁlms the Raman spectra are
characterized by two additional peaks located at 112 and 150 cm−1 which correspond
to the CuSbS2 vibration modes in addition to the peak at 333 cm−1. The Raman
shift at 112 cm−1 may contribute to the Cu2S phase. This peak was observed only
for the 8h Sb2S3 CAS ﬁlms, which may be due to the higher thicknesses of Sb2S3
layer.
3.4.1.2 Rapid Thermal Processing (RTP)
RTP is the most commonly known post-treatment for the formation of the ternary
chalcogenides which uses a bunch of halogen lamps or long arc lamps which help
to eﬀectively reduce cell fabrication time compared to conventional heat treatment
methods without sacriﬁcing ﬁlm properties and device performance [188,189]. Based
on the above results, eﬀect of RTP at diﬀerent temperatures on the crystalline nature
of CAS 50 and 100 nm samples were studied and compared with that conventional
vacuum oven treated samples. The RTP conditions: high temperatures (at 500 ◦C
and 600 ◦C) and short time (5 min); conventional vacuum oven heating conditions:
lower temperature (at 380 ◦C) and longer time (1 h). As evident from the diﬀraction
patterns, the CAS 50 nm sample shows XRD patterns varying peak intensities upon
conventional heating and RTP as given in Figure 3.10(a) [180]. The RTP 500 ◦C
sample shows CuSbS2 as the major phase along with Cu2S as minor phase. When
the RTP temperature was increased to 600 ◦C, phase pure CuSbS2 with improved
crystallinity is formed as seen in the ﬁgure, the presence of Cu2S or Sb2S3 phases
are not detected. Moreover, the ﬁlm growth is likely to orient along (410) plane at
600 ◦C. To study the eﬀect of RTP treatment on high copper content samples, the
same analysis was done on CAS 100 nm thin ﬁlms (Figure 3.10(b)) [180]. In this
case, at 600 ◦C, Cu2S peak intensity increases and also, new peaks corresponding
to Cu3SbS4 is formed. To further improve the crystalline properties of the CAS 50
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Figure 3.10: (a) XRD pattern of CuSbS2 thin ﬁlms thin ﬁlms with Cu thickness
50 nm (CAS Cu50) formed at diﬀerent heating conditions: conventional vacuum
oven at 380 ◦C for 1 h, RTP at 500 ◦C for 5 min (RTP-500), pre-annealed RTP
at 500 ◦C for 5 min (380-RTP-500), RTP at 600 ◦C for 5 min (RTP 600), pre-
annealed RTP at 600 ◦C for 5 min (380-RTP-600) (b) CuSbS2 thin ﬁlms with Cu
thickness 100 nm (CAS Cu100) formed by conventional heating at 380 ◦C for 1 h
and RTP at 500 ◦C for 5 min (RTP-500), pre-annealed RTP at 500 ◦C for 5 min
(380-RTP-500), RTP at 600 ◦C for 5 min, pre-annealed RTP at 600 ◦C for 5 min
(380-RTP-600). The standard pattern corresponding to orthorhombic CuSbS2 is
also included in the same ﬁgure for reference. Reused with kind permission from
Elsevier (https://doi.org/10.1016/j.solmat.2017.02.005).
and 100 nm samples, pre-annealed RTP (vacuum oven annealing at 380 ◦C for 1 h
followed by RTP at 500 or 600 ◦C for 5 min) was done on both. Figure 3.10(a), Figure
3.10(b) present the corresponding XRD patterns of the CAS 50, 100 nm thin ﬁlm
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samples together with the samples annealed in vacuum oven for comparison. The
pre-annealed RTP treated samples showed formation of phase pure CAS irrespective
of the Cu thickness. However, the CAS 50 nm sample showed diﬀerent crystalline
behavior (peak intensity variations) compared to the CAS 100 nm thin ﬁlms. Based
on all of these results, it can be concluded that the thin ﬁlms undergone RTP
treatments after conventional vacuum oven annealing favors the formation of phase
pure CuSbS2 by excluding the formation of the impurity phases such as Cu2S and
Cu3SbS4 which can be attributed to the instant heating of the samples in RTP
thereby improving the crystallinity and grain growth. But this eﬀect was more
prominent in the pre-annealed RTP samples probably due to the formation of the
CAS phase on the ﬁrst stage of vacuum annealing and then improving the crystalline
properties of the same while later treated in RTP. Since the CAS 50 nm ﬁlm showed
the formation of phase pure CAS by direct and pre-annealed RTP treatments, further
studies were carried out only on this sample. Crystallite size (D) was evaluated for
CAS Cu 50 nm samples annealed at conventional vacuum oven, direct RTP and pre-
annealed RTP at 600 ◦C using the Scherrer formula assuming the line broadening is
merely due to the size eﬀect. The average value of the crystallite size was ∼15 nm.
For the calculation, the line broadening analysis of (301) peak was considered.
Phase structure of CAS samples formed at diﬀerent conditions: annealing, pre-
annealed RTP 600◦C and direct RTP 600◦C was analyzed using Raman spectroscopy
(Figure 3.11) [180]. From the spectra, all the thin ﬁlms show the Raman active modes
at 100, 112,150, 254 and 332 cm−1 where the major peak located at 332 cm−1 and
low intense peaks at 100 cm−1 and 150 cm−1 are assigned to the vibrational modes of
the CuSbS2 phase. The Raman shift at 254 cm−1 and 112 cm−1 are attributed to the
Sb2S3 and Cu2S phases respectively, where the intensity of these peaks diminished
for the pre-annealed RTP sample. These results are in correlation with our XRD
analysis of the same samples as discussed above.
Based on the XRD and Raman analysis it can be concluded that the Sb2S3 thin
ﬁlm with Cu thickness 50 nm pre-annealed RTP at 600 ◦C resulted the formation of
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Figure 3.11: Raman spectra of the phase pure CuSbS2 thin ﬁlms (CAS Cu-50)
formed at diﬀerent conditions (a) annealed at 380 ◦C for 1 h in vacuum (b) RTP
at 600 ◦C for 5 min (c) pre-annealed RTP at 600 ◦C for 5 min.( Reused with kind
permission from Elsevier https://doi.org/10.1016/j.solmat.2017.02.005).
phase pure ternary CuSbS2. These results encouraged us to do a systematic study
on pre-annealed RTP at higher temperature for the formation of highly crystalline
ﬁlms having better properties. For that, the CAS 50 nm pre annealed ﬁlms were
heated in RTP at 625 ◦C for duration varying from 1 min up to 4 min 30 sec. Figure
3.12 [190]. shows the GIXRD (at ω = 0.5◦) patterns of CAS thin ﬁlms deposited on
glass substrates as prepared, annealed in conventional vacuum oven at 380 ◦C for 1
h and pre-annealed RTP at 625 ◦C for diﬀerent time intervals from 1 to 5 minutes.
From the ﬁgure, it is clear that as prepared ﬁlms are completely amorphous. The
observed reﬂections for CAS 380 ◦C sample from the planes were well matching with
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Figure 3.12: GIXRD patterns of CuSbS2 (CAS) thin ﬁlms as prepared, annealed at
380 ◦C for 1 h in vacuum oven (10−3 Torr) and pre-annealed RTP at 625 ◦C for 1
min, 2min, 4 min, 4 min 30 s and 5 minutes. The standard pattern for orthorhombic
CuSbS2 (PDF#44–1417) is also included. Reproduced with kind permission from
Elsevier (https://doi.org/10.1016/j.mssp.2018.11.007).
the standard JCPDS for the orthorhombic CuSbS2 phase. The feeble amount of an
impurity phase Cu2S presence is identiﬁed here also.
The ﬁlm pre-annealed RTP at 625 ◦C for 1 minute after the vacuum oven
annealing shows the similar planes of CAS 380 ◦C samples which implies that the
RTP treatment at higher temperature for 1 min duration is not suﬃcient to change
the crystallinity. The Cu2S peaks are absent in the pre-annealed RTP at 625 ◦C for
3-4.5 minutes sample and all the peaks are corresponding to the ternary CuSbS2
phase. The 4 minutes and 30 s ﬁlm shows a preferential orientation of (301) planes
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Figure 3.13: Raman spectra of the phase pure CuSbS2 thin ﬁlms (CAS Cu-50)
formed at diﬀerent conditions (a) annealed at 380 ◦C for 1 h in vacuum (b) RTP
at 600 ◦C for 5 min (c) pre-annealed RTP at 600 ◦C for 5 min. Reused with kind
permission from Elsevier (https://doi.org/10.1016/j.solmat.2017.02.005).
perpendicular to the substrate surface due to the high temperature supplied to the
sample in short time. The preferential grain growth along (301) plane is further





where, N is the number of reﬂections in the XRD, Ihkl is the measured inten-
sity of the plane under discussion, Ir,hkl is the integral intensity for a sample with
completely randomly oriented (hkl) plane taken from the JCPDS data ﬁle [191,192].
In our analysis we considered major planes of (410) and (301), which are common
in all the samples. The texture coeﬃcient analysis conﬁrmed that the TC (301)
planes increased gradually with the pre-annealed RTP treatment. TC (301) of 380
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◦C, pre-annealed RTP at 1 min, 3 min, 4 min and 4 min 30 s CAS ﬁlms were 1.7,
1.8, 1.8, 2.2, and 3.5 respectively. These results suggest the improved crystallinity
and preferential gain growth along the plane (301).
Figure 3.14: Grain size of CuSbS2 (CAS) thin ﬁlms on glass as well as on Mo
substrates annealed at 380 ◦C (RTP time 0 min) in vacuum oven (10−3 Torr) and
pre-annealed RTP at 625◦C, 375 ◦C and 400 ◦C for 1 min, 2min, 3 min, 4 min 4 min
30 s (RTP time 4.5 min) and 5 min.
Further, we evaluated the crystallinity of CAS thin ﬁlms grown on conductive
substrates., the samples deposited on Mo coated glass substrates, for exploiting the
properties of CuSbS2 for the PV applications in the substrate conﬁguration. Figure
3.13 [190]. shows the GIXRD patterns of CuSbS2 thin ﬁlms on Mo coated glass
substrates subjected to post RTP at 375 ◦C and 400 ◦C for diﬀerent durations,
after annealed in conventional vacuum oven at 380 ◦C for 45 minutes. The patterns
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corresponding to the samples as prepared and 380 ◦C annealed are also included
for comparison. As the previous results obtained for glass/CAS ﬁlms, no peaks are
observed for glass/Mo/CAS as prepared sample which indicate that a heat treatment
is required for the formation of ternary CuSbS2 phase. The ﬁlms annealed at 380 ◦C
and pre-annealed RTP at 375 ◦C for 1 and 2 minutes show (101), (111), (410), (301),
(220), (311), (501), (221), (321), (521) and (212) reﬂections with slight increase in
the intensity of the peaks for RTP samples. The Cu2S impurity phase is observed
for these samples as well. This implies that the duration of heat treatment (2 min
or less for 375 ◦C) in RTP is not enough to inter-diﬀusion Cu and Sb2S3 layer. Cu2S
impurity phase is disappeared when the pre-annealed sample is RTP treated for 3
min. The peaks corresponding to CAS are coinciding with the CAS peaks observed
for the samples prepared on glass. The pre-annealed RTP for 4 min and 5min show
a preferential orientation in (310) plane as same as observed for glass/CAS ﬁlms
treated in RTP at 625 ◦C for 4 min 30 sec. As the temperature was increased to
400 ◦C for the samples coated on Mo substrates, preferential orientation growth is
achieved at a duration of 3 min which was less than the time required at 375 ◦C. All
these results conclude that, either a moderate temperature for enough time or higher
temperature for less time can make signiﬁcant eﬀect on the crystallinity of the CAS
ﬁlms. Preferential orientation of the ﬁlms can improve the electrical properties of the
ﬁlms thereby enhancing their photovoltaic performances. The crystalline size of all
the ﬁlms deposited on glass as well as Mo substrates were calculated using Scherrer
formula, increased from about 14.6 to 21.6 nm by the pre-annealed RTP treatment.
As shown in Figure 3.14, conventionally annealed ﬁlm on both the substrates show
a grain size of 14.6 nm. Pre-annealed RTP treatment of 1 min didn’t show a notable
improvement in crystalline size. The crystalline size of the ﬁlm on glass substrates
increase to 21.6 nm by pre-annealed RTP treatment about 4 min 30 sec. The same
crystalline size is observed for Mo/CAS 400 ◦C for 3, 4 and 5 min. Preferentially
oriented ﬁlm obtained by Mo/CAS pre-annealed RTP at 375◦C 4m show a crystalline
size of about 19.9 nm which is less compared to the previously reported samples. It
may be due to the insuﬃcient post heating temperature. All the calculations are
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carried out by the line broadening analysis of (301) peak. In general, the results
suggest formation of CuSbS2 ﬁlms with preferential growth of (301) planes normal
to the substrate surface by RTP.
Figure 3.15: Raman spectra of CAS thin ﬁlms with Cu thickness 50 nm annealed
in vacuum oven at 380◦C, Pre-annealed RTP at 1 min, 3 min, 4 min and 4 min 30
s after annealed in vacuum oven at 380 ◦C . Reproduced with kind permission from
Elsevier (https://doi.org/10.1016/j.mssp.2018.11.007).
Figure 3.15 [190] shows the Raman spectra of CuSbS2 thin ﬁlms annealed in
conventional vacuum oven at 380 ◦C for 1 hour and pre-annealed RTP at 625 ◦C for
diﬀerent durations (1 min, 3 min, 4 min, 4 min 30 s and 5 min). Raman spectra of
all the ﬁlms were measured using 532 nm laser excitation with power 5 mW. Here,
all the ﬁlms have Raman active modes. Films annealed only in vacuum oven and
pre-annealed RTP for 1 min present same Raman peaks as shown in Figure 3.15.
The peaks observed for these two samples at 100 cm−1, 150 cm−1 and 333 cm−1
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Figure 3.16: Raman spectra of CAS thin ﬁlms on Mo with Cu thickness 50 nm
annealed in vacuum oven at 380 ◦C , Pre-annealed RTP at (a) 375 ◦C and (b) 400
◦C for varying durations 1 min, 2 min, 3 min, 4 min and 5 min after annealed
in vacuum oven at 380 ◦C for 45 minutes. Reproduced with kind permission from
Elsevier (https://doi.org/10.1016/j.mssp.2018.11.007).
correspond to Raman active modes for orthorhombic CuSbS2 and a minor peak at
112 cm−1 can be assigned to the presence of impurity phase Cu2S. Samples annealed
in RTP for longer duration (3 min, 4 min and 4 min 30 sec) show two peaks at
100 and 333 cm−1, both corresponding to CuSbS2 phase which implies that the
higher temperature heat treatment in RTP removed the impurity phase and formed
phase pure CuSbS2. Even though, the intensities of these peaks are higher for the
sample which heated in RTP for 4 mins 30 sec. The higher intensity indicates better
crystallinity of the sample. Samples deposited on Mo substrates also showed same
kind of Raman spectra like on glass (Figure 3.16) [190]. However, the maximum
intensity was for the samples which post heated at 375 ◦C for 4 minutes and 400
◦C for 3 minutes. Further increase in duration of heat treatment in RTP resulted
in a reduced intensity of the strong peak at 333 cm−1 due to the evaporation of the
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sample during RTP. In conclusion, the major peak observed for CAS ﬁlms prepared
on the glass as well as Mo substrates at 333 cm−1 indicate the improved crystallinity
of the ﬁlms, which is consistent with the XRD results.
3.4.2 Composition analysis
3.4.2.1 X-ray photoelectron spectroscopy (XPS)
(a) Conventionally annealed samples
Having known the structural characteristics, the X-ray photoelectron spec-
troscopy was employed to determine the elemental composition and chemical states
using a typical survey and high-resolution spectral analyses of the CAS thin ﬁlm.
Low-resolution survey spectra recorded from 0 to 1350 eV were used for the elemen-
tal analysis of each sample whereas high-resolution spectra of Cu, Sb, and S were
used for the chemical states analysis. An extremely small amount of carbon and
oxygen was present in the sample at the surface due to the surface contamination
during exposure in the ambient atmosphere. After a small etch from the surface this
impurity was totally removed from the sample surface.
Figure 3.17 shows the survey spectra of Sb2S3 and CAS 50 nm thin ﬁlms. Both
the spectra commonly display the peaks of C, O, Sb and S. In the case of the CAS
50 nm sample, additionally the Cu peaks are detected. The presence of C and O
is due to the adventitious carbon and oxygen since the spectra were collected from
the top surface of the thin ﬁlms. Further, the Sb2S3 sample shows only peaks of Sb
and S and in the CAS sample peaks of Sb, S, and Cu are seen. A typical survey
spectrum of CAS 50 nm ﬁlm collected after a smooth surface etching by Ar+ ion
sputtering is given in Figure 3.18 in which only the Sb, S and Cu peaks are detected.
This supports the ﬁnding that the C and O present on the sample surface is due to
the adventitious C and O and not from the sample composition. For the detailed
analysis, a narrow scan was done for Sb and S, after one cycle of etching using
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Figure 3.17: Survey spectrum of (a) glass/Sb2S3 (2 h at 25 ◦C) and (b) glass/Sb2S3
(2 h at 25 ◦C)/Cu 50 nm precursor thin ﬁlm annealed at 380 ◦C for 1 h in vacuum
oven (conventional annealing).
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Figure 3.18: Survey spectrum of glass/Sb2S3 (2 h at 25 ◦C)/Cu 50 nm (CAS 50)
precursor thin ﬁlm annealed at 380 ◦C for 1 h in vacuum oven, after 30 s Ar+ ion
etching.
Ar+ ions. Figure 3.19 shows the high-resolution core level spectra of Sb and S of
conventionally annealed Sb2S3 after one etching (etching cycles were performed at
a rate of 1.19 nm s−1 using 2 keV Ar+ ions). A Shirley type background and a
Gaussian–Lorentzian sum function were applied to the high-resolution spectra for
deconvolution of the peaks, as shown in the Figure 3.19. From Figure 3.19(a) and
Figure 3.19(b), the Sb3d5/2, Sb3d3/2, S2p3/2 and S2p1/2 peaks exhibit binding energy
values (B.E) 529.2 eV, 538.59 eV, 161.2 eV and 162.36 eV respectively corresponding
to Sb3+ and S2− states in Sb2S3, with a peak separation of 9.34 and 1.16 eV for Sb
and S respectively. The high-resolution photoelectron spectra of Cu, Sb, and S of
annealed glass/Sb2S3/Cu samples after one etching (CAS 20, 30, 40 and 50) is given
in Figure 3.20 [181]. Figure 3.20 (I-III) shows the Cu2p, Sb3d and S2p spectra of
the CAS 50 sample. The Cu2p spectrum shows a 2p doublet corresponding to 2p3/2
and 2p1/2 due to spin orbit coupling at B.E. values 952.3 and 932.6 eV respectively
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Figure 3.19: High-resolution spectra of (a) Sb3d core level and (b) S2p core level
glass/Sb2S3 annealed at 350 ◦C after 30 s Ar+ ions etching.
separated by ∆E = 19.7 eV which is coinciding with the previously reported B.E.
of Cu+ in CuSbS2 [163]. The XPS survey spectrum of Cu++ is diﬀerent that of
Cu+. According to Haiyue Liu et al. [193] the high resolution XPS of Cu2+and Cu+
spectra shows peaks at 932.40 eV and 934. 69 eV, which results are also supporting
the formation of CuSbS2 phase in the present work.
Yang et al. and Mc Carthy et al. reported similar B.E. values for Cu2p peaks
of CuSbS2 thin ﬁlms obtained by solution processing and spin coating [86]. The
high-resolution spectrum of Sb is constituted by Sb3d5/2 and Sb3d3/2 peaks at B.E.
of 539.82 and 530.43 eV respectively, match with the reported binding energies of
antimony (Sb3+ state) from CuSbS2.The B.E of the sulfur peaks also match with
that of the reported values for CuSbS2 where the 2p3/2 and 2p1/2 peaks are observed
at 162.9 and 161.7 eV. The core level spectra of CAS 40, 30 and 20 samples present
similar B.E. values as that of the CAS 50 thin ﬁlm except for CAS 30 and 20
samples, extra peaks are observed in the spectra of S ad Sb peaks. In the case of
CAS 30 and 20 samples, the smallest peaks observed in the S2p and Sb3d spectra
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Figure 3.20: High resolution spectra of Cu2p, Sb3d and S2p of CAS 50 (I-III), CAS
40 (IV-VI), CAS 30 (VII-IX), CAS 20 (X-XII) (DOI:10.1039/C8RA05662E).
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at 161.8 eV and 163 eV (for S2p3/2 and S2p1/2 respectively) and 528.8 and 538.19
eV (for Sb3d5/2 and Sb3d3/2 respectively) belong to the S and Sb from Sb2S3. This
indicates the presence of unreacted Sb2S3 phase due to the insuﬃcient Cu thickness
for complete CAS phase formation, in consistent with the XRD and Raman results.
Elemental composition and the respective chemical states of CuSbS2 samples formed
at diﬀerent conditions are summarized in Table 3.2.
Table 3.2: Summary of elemental composition and the respective chemical states of
CuSbS2 samples formed at diﬀerent conditions
Sample
High resolution Cu2p3/2 High resolution Sb3d5/2 High resolution S2p3/2
Present work Literature Present work Literature Present work Literature
CAS 20 932.4 eV 931.97 eV 530.1 eV 529.1 eV 161.4 eV 161.4 eV
CAS 30 932.5 eV to 530.2 eV to 161.5 eV to
CAS 40 932.5 eV 932.8 eV 529.4 eV 530.6 eV 161.8 eV 162 eV
CAS 50 932.8 eV [86,151,166] 529.7 eV [86,151,166] 162.0 eV [86,151,166]
The B.E proﬁle montage and the respective composition analysis of the CAS
50 samples are shown in Figure 3.21 and Figure 3.22 respectively. Depth proﬁle
analysis showed the uniformity of Cu, Sb and S elements throughout the depth of
the ﬁlm. As observed in the Figure 3.21, the surface of the ﬁlm is Cu, Sb and S rich
and the presence of Si from the substrate is detected nearly the 15th etch level. The
formation of the ternary CuSbS2 phase by the interlayer diﬀusion of Sb2S3 and Cu
is clearly understood from the composition.The atomic percentage of Cu, Sb and S
is nearly equal after the ﬁrst etch (30 sec).
XPS high resolution spectra of the CAS 25, 50 and 75 nm samples deposited
using 4 h Sb2S3 bath durations are shown in Figure 3.23; CAS samples were formed
by annealing at 350 ◦C for 30 min in vacuum oven. The spectra were recorded
after ﬁrst etching. The Cu2p spectra of all the three samples shows a 2p doublet
corresponding to 2p3/2 and 2p1/2 at B.E. values 952.2 and 932.4 eV respectively,
B.E. of Cu in CuSbS2. The high-resolution spectra of Sb are constituted by Sb3d5/2
and Sb3d3/2 peaks located at B.E. values 538.79 and 529.4 eV respectively for CAS
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Figure 3.21: XPS depth proﬁle of CuSbS2 thin ﬁlm formed by annealing Sb2S3/Cu-
50nm annealed in conventional oven at 380 ◦C for 1 h
50, CAS 75 samples, which is also in close match with the reported binding energies
of antimony from CuSbS2. B.E of the sulfur peaks of these two same samples also
match with the reported values for CuSbS2, 162.9 and 161.7 eV. In the case of CAS
25, weak peaks of the S2p and Sb3d spectra at 161.8 eV and 163 eV (for S2p3/2 and
S2p1/2 respectively) and 528.5 and 537.89 eV (for Sb3d5/2 and Sb3d3/2 respectively)
indicate the presence of unreacted Sb2S3. Elemental composition and the respective
chemical states of CuSbS2 samples formed at diﬀerent conditions are summarized in
Table 3.3. The depth proﬁle and the composition analysis of CAS 25, 50 and 75 nm
samples are given in Figure 3.24. The depth proﬁle data showed the uniformity of
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Figure 3.22: XPS proﬁle montage of CuSbS2 thin ﬁlm formed by annealing
Sb2S3/Cu-50nm annealed in conventional oven at 380 ◦C for 1 h.
the Cu, Sb and S elements throughout the depth of the ﬁlms. In the case of CAS
25 nm sample, the presence of higher atomic percentage % of Sb represents that, for
that particular thickness of Sb2S3, Cu thickness of 25 nm is not suﬃciant to make
the phase pure CAS.
n
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Figure 3.23: High resolution spectra of Cu2p, Sb3d and S2p of CAS 75 (I–III), CAS
50 (IV–VI), CAS 25 (VII–IX).
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Table 3.3: Summary of elemental composition and the respective chemical states of
CuSbS2 samples formed at diﬀerent conditions
Sample
High resolution Cu2p3/2 High resolution Sb3d5/2 High resolution S2p3/2
Present work Literature Present work Literature Present work Literature
CAS 25 932.4 eV 931.97 eV 530.6 eV 529.1 eV 161.4 eV 161.4 eV
CAS 50 929.4 eV to 529.5 eV to 161.7 eV to
CAS 75 929.5 eV 932.8 eV 529.4 eV 530.6 eV 161.8 eV 162 eV
[86,151,166] [86,151,166] [86,151,166]
Figure 3.24: XPS depth proﬁle and corresponding composition spectra of CuSbS2
thin ﬁlm formed by annealing Sb2S3/Cu ( Sb2S3 by CBD at 25 ◦C for 4 h thermally
evaporated Cu thicknesses on Sb2S3 of 25, 50, and 75 nm) layer at 350 ◦C for 30 min.
(b) RTP treated samples
The high-resolution spectra of Cu2p, S2p and Sb3d of our typical phase pure
sample (CAS Cu-50 pre-annealed RTP 600 ◦C ) are shown in Figure 3.25. The
shown spectra are from the ﬁrst etch level where the etching cycles were performed
using 2 keV Ar+ ions at a rate of 1.19 nm/s to remove any possible contaminants
on the sample surface. The core-level spectrum of copper shows 3.25(a) the 2p
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Figure 3.25: High-resolution XPS spectra of the core levels of (a) Cu 2p core level,
(b) Sb3d core level and (c) S2p core level of CAS Cu-50 sample after Ar+ ions etching
of CuSbS2 thin ﬁlm formed by pre-annealed RTP at 600 ◦C for 5 min (CAS Cu-50
380-RTP 600).
doublet which constitutes Cu2p3/2 and Cu2p1/2 peaks due to spin-orbit coupling
with respective binding energies of 932.68 and 952.38 eV separated by ∆E - 19.7 eV.
These values are in good agreement with that of Cu+ in CuSbS2. The Sb3d core
level spectrum and the deconvoluted peaks along with the resultant envelope are
shown in Figure 3.25(b). From the ﬁgure, spin-orbit coupled Sb3d peaks at 529.9 eV
(Sb3d5/2) and 539.29 eV (Sb3d3/2) concur with that from CuSbS2 phase as reported
in the previous studies. The deconvoluted peak of S2p at 161.9 eV (S2p3/2) and
163.1 eV (S2p1/2) with a separation of 1.2 eV inagreement with the reported range
of B.E of S2− state in CuSbS2. Thus, the higher intense peak values of S2p and
Sb3d along with that of Cu2p lines in correlation with our XRD results conﬁrm the
formation of CuSbS2 as major phase.
The B.E proﬁle montage and the respective composition analysis of the same
sample are presented in Figure 3.26 [180] and Figure 3.27 [180] respectively. Anal-
ysis of the depth proﬁle data showed the uniformity of the Cu, Sb and S elements
throughout the depth of the ﬁlm. In the case of CuSbS2 samples formed by RTP at
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Figure 3.26: XPS depth proﬁle of CuSbS2 thin ﬁlm formed by pre-annealed RTP at
600◦C for 5 min (CAS Cu-50 380-RTP 600) (https://doi.org/10.1016/j.solmat.
2017.02.005).
600 ◦C, the surface was antimony rich in composition. The formation of the ternary
CuSbS2 phase by the interlayer diﬀusion of Sb2S3 and Cu is clearly understood from
the composition ﬁgures.
The high-resolution scans of the preferentially oriented ﬁlms obtained by post
heat treatment in RTP (glass/Sb2S3/Cu50/380 ◦C/RTP 625 ◦C 4.5 min, Mo/Sb2S3/
Cu50/380 ◦C/RTP 400 ◦C 3 min) are shown in Figure 3.28 [190] and Figure 3.29 [190]
respectively, where the data were collected from the 1st etched surface, in order to
avoid the eﬀect of any contaminations present on the sample surface. Elemental
composition and the respective chemical states of CuSbS2 samples formed at diﬀerent
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Figure 3.27: XPS proﬁle montage of CuSbS2 thin ﬁlm formed by pre-annealed RTP
at 600 ◦C for 5 min (CAS Cu-50 380-RTP 600) (https://doi.org/10.1016/j.
solmat.2017.02.005).
conditions are summarized in Table 3.4. The B.E proﬁle montage and the respective
composition analysis of the same samples are presented in Figure 3.30.
Elemental composition of the Sb2S3 and CAS samples (where CBD of Sb2S3 at
25 ◦C for 4 h) were measured with a Elemental composition of the Sb2S3 and CAS
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Figure 3.28: X-ray photoelectron spectroscopy of CuSbS2 thin ﬁlm on glass sub-
strates pre-annealed RTP at 625 ◦C for 4 m 30 s after Ar+ ion etching, (a) Cu2p
core level (b) Sb3d core level (c) S2p core level. Reproduced with kind permission
from Elsevier (https://doi.org/10.1016/j.mssp.2018.11.007).
Figure 3.29: X-ray photoelectron spectroscopy of CuSbS2 thin ﬁlm Prepared on Mo
substrates pre-annealed RTP at 400 ◦C for 3 m after Ar+ ion etching, (a) Cu 2p core
level (b) Sb3d core level (c) S2p core level. Reproduced with kind permission from
Elsevier (https://doi.org/10.1016/j.mssp.2018.11.007).
samples (where CBD of Sb2S3 at 25 ◦C for 4 h) were measured with a
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Figure 3.30: XPS depth proﬁle (a) glass/CAS-50 pre annealed (380 ◦C 1 hr) RTP
625 ◦C 4 min 30 s (b) Mo/CAS-50 pre annealed (380 ◦C 45 min) RTP 400 ◦C 3 min
and composition spectra of (c) glass/CAS-50 pre annealed (380 ◦C 1 hr) RTP 625
◦C 4 min 30 s (d) Mo/CAS-50 pre annealed (380 ◦C 45 min) RTP 400 ◦C 3 min
(https://doi.org/10.1016/j.mssp.2018.11.007).
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Table 3.4: summary of elemental composition and the respective chemical states of
CuSbS2 samples formed at diﬀerent conditions
Sample
High resolution Cu2p3/2 High resolution Sb3d5/2 High resolution S2p3/2
Present work Literature Present work Literature Present work Literature













[86,151,166] [86, 151,166] [86, 151,166]
3.4.2.2 X-ray fluorescence spectroscopy (XRF)
Elemental composition of the Sb2S3 and CAS samples (where CBD of Sb2S3 at 25
◦C for 4 h) were measured with a Fisherscope XUV-733 X-ray ﬂuorescence (XRF)
instrument and it is tabulated in the table given below:
Table 3.5: XRF measurements of Sb2S3, Sb2S3 with Cu varying thickness 5, 10, 20
and 50 nm.
Sample/ Cu Sb S S/(Cu+Sb)
Precursor (%) (%) (%) (%)
Sb2S3 26.25 73.75 2.81
Sb2S3-Cu 5 nm 2.03 37.6 58.3 1.47
Sb2S3-Cu 10 nm 3.68 35.1 61.2 1.57
Sb2S3-Cu 20 nm 6.16 35.6 58.3 1.39
Sb2S3-Cu 50 nm 11.58 31.32 57.1 1.33
3.4.3 Morphology
(a) Scanning electron microscopy images: Vacuum oven annealed samples
The surface morphology and roughness of the CAS thin ﬁlms are shown in
the SEM images given in Figure 3.31, CAS thin ﬁlms formed by heating 2 h Sb2S3
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Figure 3.31: Scanning electron microscopy images for CuSbS2 thin ﬁlm formed by
annealing glass/Sb2S3/Cu stacked layers with varying Cu thicknesses 20,30,40,50
and 100 nm (CAS Cu-20, CAS Cu-30, CAS Cu-40, CAS Cu-50 and CAS Cu-100)
at 380 ◦C for 1 h in vacuum. SEM image of as prepared CAS Cu-20 is also included
in the ﬁgure for reference.
Figure 3.32: Cross-sectional scanning electron microscopy images for CuSbS2 thin
ﬁlm formed by annealing glass/Sb2S3/Custacked layers with 20 nm Cu thickness
(CAS Cu-20) at 380 ◦C for 1 h in vacuum.
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Figure 3.33: Scanning electron microscopy images, EDX, EDX mapping for CuSbS2
thin ﬁlm formed by annealing glass/Sb2S3/Custacked layers with 20 nm Cu thickness
(CAS Cu-20) at 380 ◦C for 1 h in vacuum.
Figure 3.34: Scanning electron microscopy images, EDX, EDX mapping for CuSbS2
thin ﬁlm formed by annealing glass/Sb2S3/Custacked layers with 30 nm Cu thickness
(CAS Cu-30) at 380 ◦C for 1 h in vacuum.
with varying Cu thicknesses from 20 nm to 100 nm. The surface morphology of
the as prepared CAS 20 nm thin ﬁlm is also included for reference. All the images
were acquired by appling an acceleration voltage of 1 kV in the secondary electron
mode and at the same magniﬁcation for easy comparison. As the Cu thickness is
varied from 20 nm to 50 nm, all the CAS thin ﬁlms show changes in their surface
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morphology. CAS 20 nm thin ﬁlm shows porous surface morphology composed of
irregular shaped particles CAS 30 nm ﬁlm exhibits a compact morphology with large
coalescent grains. For CAS 40 nm ﬁlm, bigger and compact grains with deﬁnite
boundaries is formed, a distinct compared to the CAS 20 and 30 nm thin ﬁlms.
Coalescent and bigger grains evenly distributed on the surface with less voids is
observed for CAS 50 nm sample. When the Cu thickness is further incrased to 100
nm, the ﬁlm surface is ﬁner grained compared to that of the CAS 50 nm thin ﬁlms as
seen in Figure 3.31. Thus, the CuSbS2 ﬁlms formed by varying Cu thickness showed
very distinct morhologies compared to that of the as prepared CAS 20 nm ﬁlm with
surface comprised of relatively smaller spherical particles. Among the CAS thin ﬁlms
of diﬀerent Cu thicknesses, the CAS 40 and 50 nm show relatively better surface
morphologies for device applications where these thin ﬁlms can be applied. These
resuts also coincide with the XRD and Raman results 3.4.1.1. Average thickness
of the CAS 20 and 30 nm thin ﬁlms was measured from cross-section SEM images
as shown in Figure 3.32, 220 nm and 230 nm respectively, no signiﬁcant change in
the ﬁlm thickness. The average thicknesses of the ﬁlms measured from cross-section
SEM were comparable with the thickness measured using stylus proﬁlometry of the
same samples. Also as prepared Sb2S3 ﬁlms sample was ∼200 nm in thickness. The
thickness of the CAS thin ﬁlms increased with increase in the Cu content.
Elemental composition and distribution of the CAS 20 and 30 samples were
analyzed using SEM-EDX mapping. Figure 3.33 and Figure 3.34 show the corre-
sponding analysis of the CAS 20 and 30 nm samples respectively (annealed at 380
◦C for 1 h). From the EDX mapping of both samples, it can be seen that, Cu, Sb
and S are uniformly distributed on the sample surface. The Si and O are either from
the glass substrate or due to the exposure of the samples towards atmosphere. The
EDX area scans of the samples also show that they are mainly constituted by Cu,
Sb and S. Thus CAS with uniform elemental distribution is conﬁrmed by the EDX
area scans together with EDX mapping.
n
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Figure 3.35: Scanning electron microscopy images for CuSbS2 thin ﬁlm formed by
annealing glass/Sb2S3/Custacked layers with varying Cu thicknesses 25, 50 and 75
nm (CAS Cu-25, CAS Cu-50 and CAS Cu-75) at 350 ◦C for 30 min in vacuum where
the Sb2S3 CBD was at 25 ◦C for 4 h. The SEM images of Sb2S3 thin ﬁlms annealed
at 350 ◦C for 30 min in vacuum oven. Cross-sectional Scanning electron micrographs
for Sb2S3 and CAS-50 samples are also included in the same ﬁgure.
Surface morphology of the CAS thin ﬁlms having varying Cu thicknesses de-
posited using 4 h Sb2S3 bath are presented in Figure 3.35 along with that of the
Sb2S3 sample. Surface morphologies of the CAS thin ﬁlms in this case are compara-
ble with the morphologies of the similar Cu thickness CAS samples deposited using
the 2 h Sb2S3 bath where the CAS 50 sample shows better surface morphology with
bigger grains distributed uniformly on the surface. In contrast, the CAS 25 nm and
CAS 75 nm samples (350 ◦C 30 min) show surfaces constituted by smaller grains
and some voids. The Sb2S3 sample deposited from the 4 h bath shows a morphol-
ogy having irregular shaped particles and many voids. The average thickness of the
Sb2S3 sample and the CAS 50 nm sample are 270 nm and 325 nm respectively as
measured from the SEM cross-section images.
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Figure 3.36: Scanning electron microscopy images, EDX, EDX mapping for CuSbS2
thin ﬁlms formed by annealing glass/Sb2S3 (4 h 25 ◦C ) at 350 ◦C for 30 min in
vacuum.
Figure 3.37: Scanning electron microscopy images for CuSbS2 thin ﬁlm formed by
annealing glass/Sb2S3/Custacked layers with varying Cu thicknesses 25, 50 and 75
nm (CAS Cu-25, CAS, Cu-50 and CAS Cu-75) at 350 ◦C for 30 min in vacuum where
the Sb2S3 CBD was at 25 ◦C for 8 h.
Figure 3.36 and Figure 3.37 present the EDX area scans and elemental map-
pings of Cu, Sb, S, Si and O of the Sb2S3 and CAS 50 nm samples. While Sb, S, Si
and O were detected in both samples, in the case of the CAS 50 sample, presence
of Cu is also observed as seen from the EDX area scans (The SEM images of the
area selected for the scans and mapping are also included in both cases). All the
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Figure 3.38: Scanning electron microscopy images, EDX, EDX mapping for CuSbS2
thin ﬁlm formed by annealing glass/Sb2S3-4h25 ◦C/Cu-50 nm (CAS-50) at 350 ◦C
for 30 min in vacuum.
desired elements are distributed uniformly on the surface of the Sb2S3 and CAS 50
nm ﬁlms as seen from the elemental mappings. SEM images of the CAS 50 and
CAS 75 samples along with bare Sb2S3 deposited using 8 h bath are depicted in
Figure 3.37. In the case of 8 h Sb2S3 bath, the CAS 50 and 75 samples possess a
surface morphology having small and irregular shaped grains. In addition to this,
some voids are also present on the sample surfaces in both cases. As the Sb2S3 is
deposited from a long time CBD process, probably long time annealing is needed
for these CAS ﬁlms to improve the surface morphology for device applications. The
surface of the pure Sb2S3 sample is composed of very small grains as observed from
the Figure 3.38.
(b) Scanning electron microscopy images: RTP treated samples
The morphology of the CuSbS2 thin ﬁlms formed by annealing, preannealed
RTP 600 ◦C and direct RTP 600 ◦C of CAS Cu-50 precursors is presented in Figure
3.39(a-d) [180] along with the as prepared precursor sample. The as prepared ﬁlm
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exhibits a compact morphology with relatively smaller spherical particles as seen in
Figure 3.39(a). After annealing at 380◦C, the morphology changes to irregular shaped
particles distributed uniformly on the surface as evident from Figure 3.39(b). In the
pre-annealed RTP 600 ◦C sample, the surface is composed of coalescent grains which
are continuous and interconnected uniformly, as illustrated in Figure 3.39(d). For
the direct RTP treated ﬁlms, Figure 3.39(c) shows a better coalescence and more
compact grains with well deﬁned boundaries.
Figure 3.39: Scanning electron microscopy images for CuSbS2 thin ﬁlm (CAS Cu-50)
(a) as prepared (b) annealed at 380 ◦C for 1 h in vacuum (c) RTP at 600 ◦C for 5
min (d) pre-annealed RTP at 600 ◦C for 5 min. Reproduced with kind permission
from Elsevier (https://doi.org/10.1016/j.solmat.2017.02.005).
Morphology of CAS thin ﬁlms formed by conventional vacuum oven annealing
and pre-annealed RTP at 625 ◦C (1,3,4 and 4.5 min) is given in Figure 3.40(a-e) [190].
Films annealed in vacuum oven show surface with irregular shaped small grains
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Figure 3.40: Scanning electron microscopy images of CAS ﬁlms annealed in vacuum
oven at 380 ◦C (a) pre-annealed RTP 625 ◦C for (b) 1 min (c) 3 min (d) 4 min (e) 4
min 30 second. Reproduced with kind permission from Elsevier https://doi.org/
10.1016/j.mssp.2018.11.007).
(Figure 3.40a). pre-annealed ﬁlm RTP at 625 ◦C for 1 minute improves the surface
morphology due to the presence of uniformly distributed and bigger grains (Figure
3.40 b). By RTP for 3, 4 and 4 min 30 s (Figure 3.40 c, d and e) the morphology
of ﬁlms in changes to interconnected grains with signiﬁcant porosity. Morphology of
the CuSbS2 ﬁlms deposited on Mo substrates pre-annealed RTP at 375 and 400 ◦C
for varying time is shown in Figure 3.41(a-f) [190] and Figure 3.42(a-f) [190]. CAS
ﬁlm deposited on Mo substrates annealed in conventional vacuum oven at 380 ◦C for
45 minutes also included for comparison. Particles are distributed homogeneously
on surface of all the samples annealed conventionally and pre-annealed RTP at 375
and 400 ◦C. Only diﬀerence is the case of grain size and compactness. Pre-annealed
RTP heated samples are compact with well-deﬁned boundaries than conventionally
annealed one.
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Figure 3.41: Scanning electron microscopy images of CAS ﬁlms annealed in vacuum
oven at 380 ◦C (a) pre-annealed RTP at 375 ◦C for (b) 1 min (c) 2 min (d) 3
min (e) 4 min (f) 5 min. Reproduced with kind permission from Elsevier https:
//doi.org/10.1016/j.mssp.2018.11.007).
Figure 3.42: Scanning electron microscopy images of CAS ﬁlms annealed in vacuum
oven at 380 ◦C (a) pre-annealed RTP at 400 ◦C for (b) 1 min (c) 2 min (d) 3
min (e) 4 min (f) 5 min. Reproduced with kind permission from Elsevier (https:
//doi.org/10.1016/j.mssp.2018.11.007).
Chapter 3. CuSbS2 thin films: synthesis and characterization 97
(c) Atomic Force Microscopy (AFM)
The surface morphology and roughness of all CAS ﬁlms were investigated by
atomic force microscopy (AFM) in contact mode. Figure 3.5 (a-c) and (d-f) [181]
shows the 2D as well as 3D AFM images of CAS thin ﬁlms CAS20, CAS30 and CAS40
respectively. As revealed in the ﬁgure, grain size the ﬁlms increases gradually with
the increase in Cu thickness from 20 to 40 nm. AFM images are taken by scanning
an area of 2×2 µm . Roughness of the ﬁlm surfaces calculated are 2.99 nm, 6.36 nm
and 11.34 nm respectively for CAS 20, 30 and 40. Surface of the ﬁlms appears as
ﬂat for the CAS 20 compared to other two whereas small grains appeared in CAS 30
ﬁlm. For CAS 40 much bigger spherical grains are identiﬁed. Change in morphology
of the ﬁlms with varying Cu thickness is evident from SEM and AFM images.
Figure 3.43: Atomic force micrographs (2D) for CuSbS2 thin ﬁlms with vary-
ing Cu thicknesses (a) CAS 20 (b) CAS 30 (c) CAS 40 and (d-f) their corre-
sponding 3D images. Reproduced with kind permission from RSC advances (DOI:
10.1039/C8RA05662E).
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3.4.4 Optical properties
(a) Conventionally annealed films
Figure 3.44: Optical absorption spectra of phase pure CAS thin ﬁlms with varying
Cu thicknesses 20, 30, 40 and 50 nm. Tauc plots for the evaluation of optical band
gaps are given in the inset. Reproduced with kind permission from RSC advances
(DOI: 10.1039/C8RA05662E).
The optical absorbance and energy bandgap of the CAS thin ﬁlms deposited
on glass substrates were determined using UV-Vis NIR spectrometer for the range of
400-1200 nm. Figure 3.44 [181]. shows the absorption spectra for CAS 20, 30, 40 and
50 thin ﬁlms and their corresponding band gaps (inset). A broad, as well as strong
absorbance in the range of 400 to 800 nm and its reduction at higher wavelength,
is clear from the given spectra and the absorption coeﬃcient of the prepared ﬁlms
were 105 cm−1. Optical bandgap of the ﬁlms were calculated using the Tauc plots
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Figure 3.45: Optical absorption spectra of phase pure CuSbS2 thin ﬁlm (CAS Cu-
50) formed at diﬀerent conditions (a) pre-annealed RTP at 600 ◦C for 5 min. The
region of onset of absorption and the Tauc plot for the evaluation of optical band
gap are given in the inset. Reproduced with kind permission from Elsevier (https:
//doi.org/10.1016/j.solmat.2017.02.005).
based on the relation (section 3.3.7),
(αhν )n = A(hν – Eg) (3.8)
The plot of (αhν)2 vs hν (Tauc plot) for the phase pure CuSbS2 thin ﬁlms
yielding a good linear ﬁt for n = 2 as given in the inset, implying direct optical
absorption in these ﬁlms. The bandgaps obtained for CAS 20, 30, 40 and 50 ﬁlms
are 1.63, 1.58 and 1.50 eV respectively [166]. The widest bandgap observed for 20 nm
CAS ﬁlm might be due to the higher content of unreacted Sb2S3. The higher electron-
hole pair generation and potent absorption coeﬃcient due to the direct bandgap make
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these ﬁlms suitable candidates for optoelectronic device applications [72] The direct
band gap would also be beneﬁcial for UV-NIR spectra detection.
(b) RTP treated films
Figure 3.46: Optical absorption spectra of CuSbS2 thin ﬁlms deposited on glass
substrates and the Tauc plot of the ﬁlm pre-annealed RTP at 625 ◦C for 4 min 30
s. Reproduced with kind permission from Elsevier (https://doi.org/10.1016/j.
mssp.2018.11.007).
Figure 3.45 [180] shows the absorbance spectra of typical phase pure CuSbS2
thin ﬁlms with Cu 50 nm (CAS Cu-50) formed by pre-annealed RTP and direct RTP.
CAS Cu-50 annealed at 380 ◦C is also included in the same ﬁgure for comparison. All
the ﬁlms show good absorbance in the visible region. The energy range for plotting
the band gaps was selected corresponding to the onset of absorption as shown in the
inset. The band gap values were estimated from the extrapolation of linear region
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of the plot to the hν axis. The Eg values obtained for the ﬁlms were 1.53 eV (RTP
600 ◦C ), 1.54 eV (pre-annealed RTP 600 ◦C ) which is in the reported range of
values 1.5–1.6 eV [19, 36] for CAS thin ﬁlms. Also, the signiﬁcant sub-bandgap can
be observed in all the absorption spectra indicating the presence of high density of
traps in the thin ﬁlms.
Figure 3.46 [190] shows the absorbance spectra of CuSbS2 thin ﬁlms annealed
in conventional vacuum oven at 380 ◦C and pre-annealed RTP at 625 ◦C for 4 min
and 4 min 30 s in the wavelength range of 400-1200 nm. All the ﬁlms showed good
absorption in the visible region. The band gap of preferentially oriented sample
(CAS 380 ◦C RTP 625 ◦C 4 min 30 s) is measured as speciﬁed earlier. As given in
the inset of the graph, we plotted (αhν)2 vs hν and ﬁnd the bang gap as 1.6 eV by
extrapolating the linear ﬁtting line to the X-axis, which is in the reported range of
Eg values for CuSbS2 to be used as an absorber layer in solar cells.
3.4.5 Electrical properties
Based on the characterizations of the CAS thin ﬁlms of varying Cu thicknesses,
the CAS 50 sample was selected for the electrical properties measurement as it
showed phase pure CuSbS2 formation. The photocurrent response measurements
were carried out for the CuSbS2 thin ﬁlms (CAS Cu-50) formed by annealing, pre-
annealed RTP 600 ◦C and direct RTP 600 ◦C, as given in Figure 3.47 [180] . All the
ﬁlms exhibit photoconductivity, irrespective of the heat treatment carried out. The
samples were illuminated using a halogen lamp with an illumination intensity of 500
realizing the photoconductivity measurements. For the measurements, a bias voltage
of 10 V was applied between a pair of painted silver electrodes of equal dimensions
and the current ﬂowing through the sample was simultaneously measured in an
interval of 20 s, ﬁrst in the dark, followed by illuminating the sample and then again
in dark. As the heating conditions were changed, for the given bias and keeping
the electrode dimensions the same in all the samples, the dark current and the
photocurrent showed an increase. The values of conductivity of the ﬁlms undergone
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direct RTP at 600 ◦C and pre-annealed RTP at 600 ◦C were in the order of 10−4
and 10−3 (Ωcm)−1 respectively indicating that the pre-annealed RTP ﬁlm was more
conductive than the other. The higher conductivity for the pre-annealed RTP 600
◦C ﬁlm in this case can be attributed to its slightly higher crystallite size and the
compact morphology with reduced grain boundaries as seen from the XRD and SEM
results.
The photocurrent response measurements of CAS 50 ﬁlms of randomly oriented
growth (formed at 380 ◦C ) and preferentially oriented growth (RTP at 625 ◦C 41⁄2
min) were performed by illuminating the samples using the same halogen lamp of
intensity 500 mW/m2 and the corresponding measurements are depicted in Figure
3.48 [190]. From the zoomed data analysis from the ﬁgure indicated, it is revealed
that, upon illumination, the increase in current is 0.25 µA for randomly oriented CAS
ﬁlm and 2.3 µA for the preferentially oriented ﬁlm. Furthermore, for the oriented
ﬁlm, the dark current is one order higher than that of the randomly oriented sample.
The increase in the dark current in the highly oriented ﬁlm can be attributed to
increase in electrical conductivity due to the present larger grains in the preferentially
oriented ﬁlm and these results also agree with the XRD analysis. Further, the
photocurrent response, photocurrent sensitivity and I-V curves of the preferentially
oriented ﬁlm were measured by illuminating the samples using diﬀerent wavelength
LEDs of 20 W as shown in Figure 3.49 [190]. Diﬀerent wavelengths in the visible
spectral region such as 450, 520, 620, 660, 740, 850, 940 nm and white light were
selected for the illumination of the samples. A bias voltage of 10 V was applied
for measuring the current under dark and illumination. First, the dark current was
measured for 20 s and then under illumination for the next 20 s followed by another
20 s after the illumination turned oﬀ. The sample shows good photocurrent response
under illumination using all the wavelengths as seen in Figure 3.49(a). The maximum
photo response was obtained under illumination of the white light since white light
consists photons of a range of wavelengths in the visible region which suggest that the
ﬁlm can be used to absorb solar light for PV device applications. After white light,
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Figure 3.47: Photocurrent response curves for CuSbS2 thin ﬁlms (CAS Cu-50)
formed at diﬀerent conditions (a) annealed at 380 ◦C for 1 h in vacuum (b) RTP at
600 ◦C for 5 min (c) pre-annealed RTP at 600 ◦C for 5 min. Reproduced with kind
permission from Elsevier (https://doi.org/10.1016/j.solmat.2017.02.005).
next higher photoresponse was observed for blue wavelength illumination due to the
higher photon energies of this light compared to other wavelengths. Sensitivity of
the CAS thin ﬁlms towards diﬀerent wavelength illuminations (Figure 3.49(b)) was
calculated employing the equation [180],
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Figure 3.48: Photocurrent response curves of glass/CuSbS2 thin ﬁlms formed by
annealed at 380 ◦C for 1 hour and pre-annealed RTP at 625 ◦C for 4 min 30 sec. Re-






where Iph is the photocurrent and Id is the dark current. The estimated sensi-
tivities were 16.19%, 12.85%, 11%, 9.05%, 7.62%, 7.62%, 3.33% and 0.47% respec-
tively for white, 450, 520, 620, 660, 740, 850 and 940 nm wavelength illuminations.
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Figure 3.49: (a). Photo response of the pre-annealed RTP at 625 ◦C for 4 min
30 s ﬁlm using LED sources having wavelength 450 nm, 520 nm, 620 nm, 660 nm
and white light. Applied bias voltage: 10V and optical power of LED: 20 W (b).
graph of sensitivity Vs wavelength. Reproduced with kind permission from Elsevier
(https://doi.org/10.1016/j.mssp.2018.11.007).
The highest sensitivity was obtained under white light illumination as expected.
The onset of increase in photosensitivity 800–700 nm indicates strong absorption
supporting the band gap value of 1.6 eV as seen in Figure 3.49(b).
To study the photoconductive nature of the ﬁlms deposited on Mo substrates,
electrochemical measurements were also carried out. Two consecutive cycles were
scanned in each measurement and the data recorded during the 2nd cycle is presented
in each case. The respective cyclic voltammograms of CuSbS2 thin ﬁlms on Mo
substrates (sample CAS 380 ◦C, CAS 380 ◦C RTP 400 ◦C 3 min) along with that
of a bare substrate are presented in Figure 3.50 [190]. The bare Mo-substrate and
sample CAS 380 ◦C showed relatively larger area (due to the higher width of the
curves) enclosed by the voltammogram indicating higher capacitance value implying
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more dielectric nature for these samples in comparison with that of CAS 380 ◦C RTP
400 ◦C 3 min sample, which was composed of highly oriented grains. This result is
comparable with the better photoconductivity observed for the oriented ﬁlms. In
addition to that, the CAS ﬁlms with oriented grain growth (CAS 380 ◦C RTP 400 ◦C
3 min) showed higher current at a speciﬁc voltage of 0.1 V which can be attributed
to better electronic properties and slightly higher optical absorption in the blue
region for such ﬁlms. These results are in correlation with the previously discussed
results where the pre-annealed sample showed better photo response and optical
absorption. However, more investigations are needed for detailed analysis of the
dielectric properties of CAS ﬁlms formed at diﬀerent conditions thereby exploring
such materials for electrolysis reactions.
It is known from the literature that CuSbS2 exists in orthorhombic form with
layered structure consisting of covalently bonded quadruple layers perpendicular to
c-axis ((001) plane)) bound together by van der Waals forces connecting Sb and S
with a separation of ∼3.115 A˚. This layered structure plays an important role in
better electrical properties exhibited by this compound. Moreover, copper antimony
chalcogenides show possibility of crystallographic orientation of the layered structure
in various ways with respect to the substrate especially in thin ﬁlm form. The highly
oriented layered structure can produce inert surfaces and reduce grain boundary
recombination in 2D or 1D form. In our samples, the highly oriented grain growth
along (103) plane with respect to the substrate surface can cause a tilt for the
layered structure and the eﬀect of such a structural characteristic on the electrical
properties of the material is yet to be investigated in detail. By the present method
of synthesis, CuSbS2 was formed by interlayer diﬀusion and reaction between Sb2S3
and Cu during vacuum annealing for 1 h (pre-annealing). The complete reaction
and compound formation occur during this process. But coalescence of ﬁne grains
resulting high grain growth/preferential orientation without change in composition
can be achieved when such ﬁlms are post treated by rapid thermal process (RTP)
for 1–5 min. In our case, direct RTP without pre-annealing lead to either incomplete
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Figure 3.50: Cyclic voltammograms of CuSbS2 thin ﬁlms on Mo substrates. Elec-
trolyte: 1 M KCl; Scanning speed: 50 mV s @1; Measured cycle: 2. Also,
the voltammogram of a bare Mo-substrate measured under same conditions is in-
cluded for comparison. Reproduced with kind permission from Elsevier (https:
//doi.org/10.1016/j.mssp.2018.11.007).
reaction between Sb2S3 and Cu or loss of material at the speciﬁed temperature range
of 375–400 ◦C /625 ◦C depending on the nature of substrates used. In the ﬁeld of
photovoltaics device application, to achieve high production rate, cell fabrication
time should be reduced. Further, the present work demonstrates the potential of
employing rapid thermal processing to produce highly oriented grains in 2D or 1D
structures to achieve fabrication of devices with reduced recombination leading to
improved device performances.
Chapter 3. CuSbS2 thin films: synthesis and characterization 108
Figure 3.51: Photocurrent response curves for CuSbS2 thin ﬁlms (CAS Cu-25, CAS
Cu-50, CAS Cu-75) formed by annealing glass/Sb2S3/Custack at 350 ◦C for 30 min
in conventional vacuum oven where the Sb2S3 CBD bath was at room temperature
for 4 and 8 h respectively.
The photocurrent response measurements of the CAS 25, 50 and 75 samples
deposited using 4 h and 8 h CBD baths of Sb2S3 are presented in Figure 3.51. Similar
like in the case of the previous conditions where the Sb2S3 bath was 2 h, here also,
all the samples are photoconductive as evident from the increase in current upon il-
lumination. In both cases, the CAS 75 sample shows slightly diﬀerent photoresponse
behavior where the photoconductivity is gradually increased upon illumination and
then does not return to the ground state. This can be attributed to the higher Cu
content and hence high conductivity of these ﬁlms compared to the others.
Based on all the results discussed in this chapter, it can be concluded that,
the structure, morphology, electrical and optical properties of the CAS thin ﬁlms
were strongly inﬂuenced by the Cu content, Sb2S3 bath duration and the post heat
treatments (vacuum oven, RTP, pre-annealed RTP, temperature and time duration).
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As one or more of the said parameters are varied, the resulted ﬁlms exhibit variation
in the properties opening up a way to modify their performance when integrated
in real device applications. For instance, the phase pure CAS thin ﬁlms showed
an optical band gap of 1.5 eV indicating that these ﬁlms can be strong candidates
for PV applications. On the other hand, CAS samples having lesser Cu thicknesses
showed conductivity and good photoresponse behavior suggesting that they can
be used for eﬀective photodetection application covering the entire Vis-NIR regions.
Device applications based on the CAS thin ﬁlms and the eﬀect of diﬀerent deposition
parameters or post heat treatments on their performances are described in detail in
the following chapter.
Chapter 4
CuSbS2 based devices: solar cells and
photodetector
4.1 FABRICATION OF SOLAR CELLS AND PHOTODE-
TECTORS
In this chapter, the application aspects of the CuSbS2 thin ﬁlms as solar cells and
photodetectors are described in detail. Both solar cells and detectors were prepared
using CuSbS2 thin ﬁlms formed at diﬀerent conditions as attempts towards improv-
ing the performance of the fabricated devices. The solar cells were characterized
using J-V curves and EQE measurements. The photodetectors were described in
terms of their sensitivity, responsivity and cyclic stability. In both cases, the CuSbS2
devices were also characterized in detail for their structure, elemental composition,
and surface morphology using various characterization techniques.
4.1.1 Solar cells : glass/TCO/CdS/CuSbS2/Ag
4.1.1.1 Deposition of CdS
Thin ﬁlm of CdS was deposited on TCO/Glass by chemical bath deposition where the
bath composition was cadmium chloride (10 ml), triethanolamine (5 ml), ammonium
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hydroxide (10 ml), thiourea (10 ml) and deionized water (65 ml) [194]. The TCO
samples were immersed in the bath at 70 ◦C for 20 min. The as-prepared CdS ﬁlms
were annealed in air at 400 ◦C for 30 min. The heat treatment of CdS buer layer in
oxygen to produce a barrier against interlayer diusion CdS/CdTe solar cells (grain
hardening), and thus to improve the device performance is already known [195].
4.1.1.2 Deposition of CuSbS2 thin films
Thin ﬁlms of antimony sulﬁde (Sb2S3) were deposited on CdS thin ﬁlms annealed
in air at 400 ◦C for 30 minutes by chemical bath deposition reported in the previous
section (section number 3.2.1.2 explained CuSbS2 synthesis procedure). The bath
duration was varied from 2 h to 4 h, and then to 8 h. The as-deposited thin ﬁlms were
orange-yellow with good adhesion and of 200 nm in thickness. Thermal evaporation
technique as explained before (section 3.2.1.3) was employed to deposit Cu layer of
dierent thicknesses (50 and 75 nm) on Sb2S3 thin ﬁlms. The evaporation process
was carried out at high vacuum (10−6 Torr) at a rate of 2 A˚/s keeping the substrates
rotating with 20 rpm speed.
4.1.1.3 Heat treatments
The PV structures of type glass/TCO/CdS/CuSbS2 formed by heating the stacked
layers at dierent conditions such as conventional annealing at 380 ◦C for 45 min,
RTP at 400 ◦C for 5 min and pre-annealed RTP at 400 ◦C for 5 min. The PV
structures of type glass/FTO/CdS/CuSbS2 formed by annealing the stacked layers in
the conventional vacuum oven at 350◦C for 30 min. An ohmic contact of 0.25 cm2 was
made using silver paint (SPI supplies) to measure the current-voltage characteristics
of the devices fabricated on ITO as well as FTO substrates. Schematic representation
of the PV devices having p-n conﬁguration is given below in Figure 4.1.
Chapter 4. CuSbS2 based devices: solar cells and photodetector 112
Figure 4.1: Superstrate p-n conﬁguration of glass/TCO/(n)CdS/(p)CuSbS2/Ag
4.1.2 Photodetector
CuSbS2 thin ﬁlms were deposited on cleaned glass substrates using combined CBD (2
h Sb2S3 bath) and thermal evaporation (Cu thicknesses 20, 30 and 40 nm) followed
by a heat treatment in a conventional vacuum oven at 380 ◦C for 1 h. A pair of
Ag electrodes having equal dimensions (5×5 mm) were painted on the ﬁlm surface
using colloidal silver to use as the terminals in the two-point probe technique. A
keithley picoammeter/ voltage source (Model No. 6487) was employed for applying
the voltage through the painted electrodes and simultaneously measuring the current.
The photoconductivity measurements were done using the same Keithley source
while the sample was illuminated using a tungsten halogen lamp and under dark.
4.2 DEVICE CHARACTERIZATION
4.2.1 J-V Characteristics
Characterization of the PV devices was performed by measuring the I-V parameters
of the cells using the same keithley picoammeter/ voltage source used for the elec-
trical characterization of the CAS thin ﬁlms. When the voltage and current density
are plotted on the x and y axes respectively, the intersection on the x-axis gives
the open-circuit voltage (Voc) of the solar cell being measured while the intersection
on the y-axis gives the short circuit current density (Jsc) which are two important
parameters for evaluating the performance of the PV device. A typical experimental
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set-up used for measuring the I-V characteristics of a solar cell under illumination is
shown in Figure 4.2 [152]. The top and bottom electrodes of the device are used for
the two-point measurement technique where the voltage and current are measured
during the voltage sweep. The solar cell parameters such as eﬃciency and ﬁll factor
are then estimated using the obtained I-V characteristics of the cell. In this thesis,
the contacts were made using silver paint to measure the J-V characteristics under
dark and illumination. A solar simulator (Oriel) of intensity 100 mW/cm2 under
AM1.5 radiation was used as the illumination source.
Figure 4.2: Schematic representation of solar simulator
4.2.2 EQE measurements
The behavior of a solar cell in a speciﬁc range of wavelengths was measured by means
of its external quantum eﬃciency (EQE) [196]. The ratio between the number of
incident photons and the number of charge carriers collected by solar cells is termed
as the EQE of the PV device. The EQE was calculated using the spectral response
of a solar cell where the spectral response is the ratio between the generated current
Chapter 4. CuSbS2 based devices: solar cells and photodetector 114






where c is the speed of light, h is the Planck’s constant, q is the electronic charge
and λ is the wavelength of light. In the present thesis, EQE measurement was done
for the CAS based solar cells to evaluate and compare their device performances.
4.2.3 Photodetector characteristics
Evaluation of electrical properties as well as photoresponse measurements were done
under the illumination from light-emitting diodes (LEDs) having wavelengths of 450,
620, 740 and 850 nm and optical power of 20 W using a picoammeter/voltage source
meter (Keithley 6487). A pair of silver electrodes of 5 mm in length separated
by 5 mm were painted using conductive silver paint (SPI® supplies) and dried
on the sample surface for the photodetector characterization. The current-voltage
measurements were carried out under dark as well as illumination for applied voltages
from -5 to +5 V. Photoresponse switching behaviour of the CuSbS2 thin ﬁlms were
measured at diﬀerent applied potentials of 1, 3 and 5 V where the LED illumination
was turned on and oﬀ at each 5th and 10th seconds respectively. Photodetection
properties of CAS thin ﬁlms for various intensities were measured by illuminating
the samples using a diode-pumped continuous-wave laser of 532 nm with adjustable
output power. The laser spot was expanded using a concave lens and the sample
area excess of the electrode dimension was masked to avoid illumination. The same
voltage source (Keithley 6487) used to apply voltage and simultaneously to measure
current while the samples were illuminated by the laser. Laser output power was
varied from 2 mW to 40 mW (2, 6, 10, 20, 30, and 40 mWs) during constant bias
voltages 1, 3 and 5 V and photoresponse was measured for 20 s in dark, 20 s in light
followed by another 20 s in dark.
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4.3 RESULTS AND DISCUSSION
4.3.1 Photovoltaics
4.3.1.1 Effect of heat treatments : p-n configuration
Figure 4.3: Evaluation of J-V characteristics of the glass/ITO/n-CdS/p-CuSbS2 PV
devices (using CAS Cu-50 ﬁlm) fabricated at diﬀerent conditions: annealing at 380◦C
for 45 min, RTP at 400◦C for 5 min, pre-annealed RTP at 400◦C for 5 min (schematic
representation of the PV devices are also included in the ﬁgure). Reused with kind
permission from Elsevier (https://doi.org/10.1016/j.solmat.2017.02.005).
Based on the property studies on the CAS thin ﬁlms described in chapter 3, var-
ious photovoltaic structures using CAS Cu-50 thin ﬁlms as an absorber and CdS thin
ﬁlms as window layers were prepared. Sequentially deposited glass/ITO/CdS/Sb2S3
/Cu layer structures of Cu 50 nm were annealed at dierent conditions to form PV
junctions of type glass/ITO/n-CdS/p-CuSbS2. The PV structures were formed by
annealing at 380 ◦C for 45 min, RTP 400 ◦C for 5 min and pre-annealed at RTP 400
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Table 4.1: Photovoltaic parameters of glass/ITO/n-CdS/p-CuSbS2/Ag solar cells
formed by annealing at 380 ◦C for 45 min, direct RTP at 400 ◦C for 5 minute and the
pre-annealed RTP at 400 ◦C for 3 minutes (https://doi.org/10.1016/j.solmat.
2017.02.005).
PV device Voc Jsc FF Eﬃciency (η)
(ITO/CdS/CuSbS2 ) (Volt) (mA/cm2) %
380 ◦C 0.49 1.50 0.43 0.31
RTP 400 ◦C 0.49 2.35 0.39 0.45
380 RTP 400 ◦C 0.67 1.35 0.61 0.6
Figure 4.4: EQE measurement of glass/ITO/n-CdS/p-CuSbS2 PV device pre-
annealed RTP at 400 ◦C for 5 min. Reused with kind permission from Elsevier
(https://doi.org/10.1016/j.solmat.2017.02.005).
◦C for 5 min. When the device structures (glass/ITO/CdS/CuSbS2) prepared on
ITO were subjected to RTP above 400 ◦C, the samples evaporated. The J-V mea-
surements were used for the characterization of the PV structures. Figure 4.3 [180]
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Figure 4.5: GIXRD of the of glass/ITO/n-CdS/p-CuSbS2 PV device pre- annealed
RTP at 400 ◦C for 5 min. Reused with kind permission from Elsevier (https:
//doi.org/10.1016/j.solmat.2017.02.005).
shows the J-V curves of the PV devices formed by various heat treatment. For the
J-V measurements, the contacts were made of silver paint and the active device area
was 25 mm2. The photovoltaic device (glass/ITO/n-CdS/p-CuSbS2) formed by an-
nealing at 380 ◦C for 45 min, showed Voc= 485 mV, Jsc= 1.5 mA/cm2, FF = 0.4 and
the conversion eﬃciency (η) = 0.3%. But the direct RTP grown device resulted in
higher Jsc(2.3 mA/cm2) and η = 0.45% than those of the device formed by anneal-
ing. However, the pre-annealed RTP grown device showed an open-circuit voltage
(Voc) of 665 mV and a ﬁll factor (FF) of 0.6, the highest values ever reported for
CuSbS2 based PV devices, establishing the perspective of CuSbS2 for high eﬃciency
PV devices. Jsc value for this device was 1.3 mA/cm2 and the η = 0.6%, relatively
lower values. The photovoltaic parameters of the same cells are tabulated below
(Table 4.1).
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Figure 4.6: Survey spectrum of glass/ITO/n-CdS/p-CuSbS2 PV device pre-annealed
RTP at 400 ◦C for 5 min (after Ar+ ion etching).
Figure 4.7: X-ray photoelectron spectroscopy of glass/ITO/n-CdS/p-CuSbS2 PV
device pre-annealed RTP at 400 ◦C for 5 min (after Ar+ ion etching), (a) Cu2p core
level (b) Sb3d core level (c) S2p core level.
External Quantum Eﬃciency (EQE) of the champion device formed by pre-
annealed RTP is shown in Figure 4.4 [180]. A 300 nm thick CuSbS2 absorber layer
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can absorb almost 95% of the incident light owing to its higher absorption coeﬃcient
(105 cm−1). Our champion cell shows Jsc value 1.3 mA/cm2 which is in contrast to
the data reported by NREL where the simulation data predicted a Jsc value of 15
mA/cm2 for a 300 nm CuSbS2 absorber layer assuming the standard photon ﬂux
values [85, 146]. From the given EQE data (Figure 4.4), 10 - 12% in the short
wavelength region 400 - 500 nm which may be dominated by the optical absorption
due to CdS. Our solar cell shows an EQE of less than 5% in the long-wavelength
range which also contradicts the carrier generation by absorbing almost 95% of the
incident light. The low Jsc in the range of 1.3 - 2.3 mA/cm2 is in correlation with
the low EQE of our PV devices. The lower EQE than expected implies a higher
carrier recombination rate in and out of the space charge region. These observations
demand further improvements in the CuSbS2 absorber quality by reducing the grain
boundaries and bulk defects including Cu2S, Sb2S3 etc. Further requirement is to
ﬁnd appropriate ohmic contacts for such PV cells.
Figure 4.5 [180] shows the GIXRD patterns of champion device formed by
pre-annealed RTP where the major peaks of the GIXRD pattern are identiﬁed as
reﬂections of CuSbS2, matching with that of the respective JCPDS data shown in
the same ﬁgure. A few minor peaks of crystallized Sb2S3 and Cu2S phases are also
observed as marked in the ﬁgure. Such impurity phases are detrimental to the PV
device as seen from the EQE curve. However, the major phase of the cell still remains
as CuSbS2 with a high order of crystallinity. Removing the Sb2S3 and Cu2S impurity
phases from the cell may probably help in increasing the conversion eﬃciency of the
device.
The complete analysis of the elemental composition and their respective chemi-
cal states for the champion cell (glass/ITO/n-CdS/p-CuSbS2) formed by pre-annealed
RTP at 400 ◦C for 5 min were identiﬁed using the high-resolution spectra. The de-
convolution of the high-resolution spectra was done by applying a shirley type back-
ground calculation. The survey spectrum and the high-resolution spectra of Cu2p,
S2p and Sb3d of same sample recorded from the depth after ﬁrst etching cycle at
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a rate of 1.19 nm/s using 2 keV Ar+ ions are presented in Figure 4.6 and Figure
4.7(a-c) respectively.
Figure 4.8: Depth proﬁle of glass/ITO/n-CdS/p-CuSbS2 PV device pre-annealed
RTP at 400 ◦C for 5 min. (https://doi.org/10.1016/j.solmat.2017.02.005)
glass/ITO/n-CdS/p-CuSbS2 sample consists only peaks corresponding to Sb,
S and Cu as shown in Figure 4.6 conﬁrming that, the sample was composed of only
desired elements. For the detailed analysis, a narrow scan was done for Sb and S,
after one cycle of etching using Ar+ ions. Figure 4.7 shows the Cu2p, Sb3d and
S2pspectra of the same sample. The Cu2p3/2 and 2p1/2peaks possess binding en-
ergy values of 952.2 eV and 932.4 eV whereas the high-resolution spectrum of Sb
is constituted by Sb3d5/2and Sb3d3/2located at 538.69 and 529.3 eV respectively.
The 2p3/2 and 2p1/2 peaks from sulfur are observed at BE values of 162.9 and 161.7
eV. All the binding energies of the individual peaks from Sb, S and Cu match well
with the previously reported BE values for the ternary CuSbS2 system and therefore
conﬁrm the chemical composition of the deposited thin ﬁlms [86, 151, 166]. Figure
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Figure 4.9: XPS proﬁle montage of glass/ITO/n-CdS/p-CuSbS2 PV device pre-
annealed RTP at 400 ◦C for 5. Reused with kind permission from Elsevier (https:
//doi.org/10.1016/j.solmat.2017.02.005).
4.8 [180] and Figure 4.9 [180] shows the depth proﬁle and composition montage by
the XPS analysis of the PV device. Formation of CuSbS2 absorber layer with uni-
formly distributed Cu, Sb and S and the interface of is clearly distinguished from
the compositional analysis. In direct RTP CuSbS2 samples, Sb deﬁcient near surface
layer implied the insuﬃcient time for the interlayer diusion to achieve uniform com-
position, hence reducing the performance of the respective device (Figure 4.10). In
the case of 380 ◦C annealed device, uniform composition was achieved (Figure 4.11).
However, insuﬃcient temperature may inhibit further grain growth. The morphol-
ogy of the pre-annealed RTP sample is shown in Figure 4.12 [180]. Improved grain
growth with less voids are observed for this resulted ﬁlm. There for we can conclude
that, in the case of combined process of annealing and RTP, uniform composition
and higher grain growth may be promoted which in turn can cause devices with
improved performance. However, the device surface likely to show low ﬁlm density
after the RTP which could also reduce the Jsc value of the PV devices due to poor
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Figure 4.10: XPS proﬁle montage of glass/ITO/n-CdS/p-CuSbS2 PV device heated
in RTP at 400 ◦C .
Figure 4.11: XPS proﬁle montage of glass/ITO/n-CdS/p-CuSbS2 PV device an-
nealed at 380 ◦C for 45 min in conventional vacuum oven.
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Figure 4.12: Scanning electron microscopy image of glass/ITO/n-CdS/p-CuSbS2 PV
device pre- annealed RTP at 400 ◦C for 5. Reused with kind permission from Elsevier
(https://doi.org/10.1016/j.solmat.2017.02.005).
surface contacts.
4.3.1.2 Influence of Sb/Cu thickness
For further improvement of the solar cell properties, the thicknesses of the absorber
layer were varied by Sb2S3 CBD duration (was changed from 2 to 4 and 8 h) while
simultaneously varying the Cu layer thickness (25, 50 and 75 nm). Based on the
property studies of these ﬁlms (chapter 3), it is clearly evident that a Cu thickness of
above 25 nm is necessary for the formation of the CuSbS2 phase sacriﬁcing the Sb2S3
phase. Based on these results, various photovoltaic structures using CAS Cu-50 and
Cu -75 nm thin ﬁlms (for both Sb2S3 CBD durations) as absorber and CdS thin ﬁlms
as window layers were prepared. Sequentially deposited glass/TCO/CdS/Sb2S3/Cu
layer structures of Cu 50 nm and Cu 75 nm were annealed at conventional vac-
uum oven at 350 ◦C for 30 min to form PV junctions of type glass/TCO/n-CdS/p-
CuSbS2 . The J-V measurements were used for the characterization of the various
PV structures. Figure 4.13 shows the J-V curves of the PV devices glass/ITO/n-
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Figure 4.13: Evaluation of J-V characteristics of the glass/ITO/n-CdS/p-CuSbS2
PV devices using CAS Cu-50 and Cu 75nm ﬁlms fabricated by annealing at 350 ◦C
for 30 min where the Sb2S3 layer thickness kept constant (CBD kept constant for
4 h).
CdS/p-CuSbS2 annealed at 350 ◦C for 30 mins in vacuum oven (10−3 Torr) with
varying Cu thickness: 50 and 75nm by keeping the CBD bath of Sb2S3 for 4 h at
25 ◦C. For the J-V measurements, the contacts were made of silver paint and the
active device area was 25 mm2. As seen in Figure 4.13, the PV device: glass/ITO/n-
CdS/p-CuSbS2 having Cu layer thickness of 50 nm showed better PV properties
(Voc : 0.348 V, Jsc : 1.86 mA/cm2, FF : 0.58, η : 0.38% ) than of CAS Cu 75 nm.
The J-V curves of the PV devices glass/ITO/n-CdS/p-CuSbS2 annealed at 350 ◦C
for 30 mins in vacuum oven (10−3 Torr) with varying Cu thickness: 50 and 75nm
by keeping the CBD bath of Sb2S3 for 8 h at 25 ◦C is shown in Figure 4.14. The
PV device: glass/ITO/n-CdS/p-CuSbS2 having Cu layer thickness of 50 nm showed
Voc : 0.261 V and Jsc : 0.7 mA/cm2 for PV device having Cu layer thickness of 75
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Figure 4.14: Evaluation of J-V characteristics of the glass/ITO/n-CdS/p-CuSbS2
PV devices using CAS Cu-50 and Cu 75 nm ﬁlms fabricated by annealing at 350 ◦C
for 30 min where the Sb2S3 layer thickness kept constant (CBD kept constant for 8
h).
nm showed Voc : 0.237 V and Jsc : 1.27 mA/cm2. Based on the JV characteristics,
the PV device: glass/ITO/n-CdS/p-CuSbS2 having Cu layer thickness of 50 nm
by keeping the CBD bath of Sb2S3 for 4 h at 25 ◦C were annealed at conventional
vacuum oven at 350 ◦C for 30 minutes, showed better photovoltaic characteristics.
Therefore, further characterization was done for the same one (best cell).
The GIXRD pattern of the best cell formed by annealing glass/ITO/n-CdS/p-
CuSbS2 (Cu layer thickness of 50 nm by keeping the CBD bath of Sb2S3 for 4 h at
25 ◦C) in conventional vacuum oven at 350 ◦C for 30 minutes is shown in Figure 4.15.
As seen in the ﬁgure, the major peaks of the GIXRD pattern of the PV device are
identiﬁed as reﬂections corresponding to the crystal planes of orthorhombic CuSbS2,
according to the JCPDS data shown in the same ﬁgure. In addition to this, a few
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minor peaks of crystallized Sb2S3 and Cu2S phases are also observed. Nevertheless,
the major phase of the cell still remains as CuSbS2 with a high order of crystallinity.
These structural characterization results are comparable with that of the PV cell
obtained by pre-annealed RTP technique.
Figure 4.15: GIXRD of the of glass/ITO/n-CdS/p-CuSbS2 PV device using CAS
Cu-50 ﬁlm fabricated by annealing at 350 °C for 30 min where the Sb2S3 layer
thickness kept constant (CBD kept constant for 4 h).
The complete analysis of the elemental composition and their respective chemi-
cal states for glass/ITO/n-CdS/p-CuSbS2 cell formed by ﬁlms annealed at 350 ◦C for
30 min was identiﬁed using the high-resolution spectra. The high-resolution spectra
of Cu2p, S2p and Sb3d of the cell recorded from the depth after ﬁrst etching cycle
are presented in Figure 4.16. The Cu2p spectrum shows a 2p doublet corresponding
to 2p3/2 and 2p1/2 at B.E. values 952.1 and 931.8 eV respectively. Figure 4.16(a) and
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Figure 4.16(b) illustrate spin-orbit coupled Sb3d major peaks at 538.6 eV (Sb3d5/2)
and 537.99 eV (Sb3d3/2). The B.E of the sulfur peaks S2p3/2 at 160.9 eV and S2p1/2
at 162.1 eV is given as noted in Figure 4.16(c). All these B.Es are in is consistent
with those reported for CuSbS2thin ﬁlms deposited on glass substrates reported on
previous chapter.
Figure 4.16: X-ray photoelectron spectroscopy of glass/ITO/n-CdS/p-CuSbS2 PV
device annealed at 350 ◦C for 30 min (after Ar+ ion etching), (a) Cu2p core level (b)
Sb3d core level (c) S2p core level.
The B.E proﬁle montage and the respective composition analysis of the same
sample is presented in Figure 4.17 and Figure 4.18. Analysis of the depth proﬁle data
showed uniformity of the Cu, Sb and S elements throughout the depth of the ﬁlm. In
analogous to the pre-annealed RTP cell (refer to Figure 4.8), here the diﬀusion of Cd
into the whole sample is not observed as the compositional analysis does not show
the presence of Cd until the etching time reaches around 300 s. On the other hand,
diﬀusion of Cu into the underlying Sb2S3 layer during the annealing step accounts
for the formation of the ternary CuSbS2 phase. It can be easily identiﬁed from the
Figure 4.18 that the sample is mainly constituted by CuSbS2 above ITO/CdS layers
from the strong signals from Sb, S and Cu.
The morphology of the glass/ITO/n-CdS/p-CuSbS2 PV device fabricated by
annealing at 350◦C for 30 min (Sb2S3 CBD bath for 4 h at 25◦C, Cu layer thicknesses
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Figure 4.17: Depth proﬁle of glass/ITO/n-CdS/p-CuSbS2 PV device using CAS Cu-
50 ﬁlm fabricated by annealing at 350 ◦C for 30 min where the Sb2S3 layer thickness
kept constant (CBD kept constant for 4 h).
50 nm) is shown in Figure 4.19. As seen in ﬁgure, the surface is composed of
elongated grains which are continuous and interconnected uniformly. Bigger grains of
irregular shapes occupy the majority of the surface area thereby forming lesser voids
on the sample surface. Therefore we can conclude that, in the case of glass/ITO/n-
CdS/p-CuSbS2 PV device fabricated by annealing at 350 ◦C for 30 min (Sb2S3 CBD
for 4 h at 25 ◦C, Cu 50 nm), uniform composition and enhanced grain growth are
promoted which in turn may lead to devices with improved performance.
To study the eﬀect of Cu layer thickness on the properties of PV devices,
Sb2S3 CBD duration was kept constant for 4 h (since the better cell properties were
observed for this condition) while simultaneously varying the Cu layer thickness.
Figure 4.20 shows the J-V characteristics of the glass/ITO/n-CdS/p-CuSbS2 PV
devices using varying Cu thicknesses 5, 10, 20 and 50 nm fabricated by annealing
at 350 ◦C for 30 min where the Sb2S3 layer thickness kept constant (CBD kept
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Figure 4.18: XPS proﬁle montage of glass/ITO/n-CdS/p-CuSbS2 device using CAS
Cu-50 ﬁlm by annealing at 350 ◦C for 30 min where the Sb2S3 bath duration was for
4 h.
Figure 4.19: Scanning electron microscopy image of glass/ITO/n-CdS/p-CuSbS2 PV
device using CAS Cu-50 ﬁlm fabricated by annealing at 350 ◦C for 30 min where the
Sb2S3 layer thickness kept constant (CBD kept constant for 4 h at 25 ◦C).
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Figure 4.20: Evaluation of J-V characteristics of the glass/FTO/n-CdS/p-CuSbS2
/Ag devices using varying Cu thicknesses 5, 10, 20 and 50 nm fabricated by annealing
at 350 ◦C for 30 min where the Sb2S3 layer thickness kept constant (CBD kept
constant for 4 h). J-V characteristics of glass/FTO/n-CdS/Sb2S3 is also included in
the ﬁgure for reference.
constant for 4 h). J-V characteristics of glass/FTO/n-CdS/Sb2S3 is also included
in the ﬁgure for comparison. For the J-V measurements, the contacts were made
of silver paint and the active device area was 25 mm2. Photovoltaic parameters of
(glass/FTO/n-CdS/p-CuSbS2/Ag ) all solar cells are tabulated in Table 4.2. Among
all cells, better PV properties were shown by glass/FTO/n-CdS/p-CuSbS2/Ag with
Cu 50 nm thickness Voc : 0.207 V, Jsc : 3.0139 mA/cm2, FF : 21.7% and eﬃciency
(η) : 0.14%. External Quantum Eﬃciency (EQE) of the glass/FTO/n-CdS/Sb2S3
and glass/ITO/n-CdS/p-CuSbS2 PV devices having various Cu thicknesses 5, 10, 20
and 50 nm fabricated by annealing at 350 ◦C for 30 min is shown in Figure 4.21.
As we observed in the case of the champion cell (EQE data (Figure 4.4)),
here for glass/FTO/n-CdS/p-CuSbS2/Ag with Cu 50 and 20 nm solar cells, EQE
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Table 4.2: Photovoltaic parameters of glass/FTO/n-CdS/p-Sb2S3/Ag and glass/
FTO/n-CdS/p-CuSbS2/Ag solar cells with varying Cu thicknesses 5, 10, 20 and 50
nm formed by annealing at 350 ◦C for 30 min.
PV device Voc Jsc
FF
(glass/FTO/CdS/Sb2S3/CuSbS2 ) (V) (mA/cm2)
glass/FTO/CdS/Sb2S3 0.02 0.02 0.25
glass/FTO/CdS/CuSbS2:Cu 5nm 0.02 0.05 0.26
glass/FTO/CdS/CuSbS2:Cu 10nm 0.35 0.68 0.27
glass/FTO/CdS/CuSbS2:Cu 20nm 0.17 2.37 0.25
glass/FTO/CdS/CuSbS2:Cu 50nm 0.21 3.01 0.22
10 - 12% in the short wavelength region 400 - 500 nm which may be dominated
by the optical absorption due to CdS. Our solar cell shows an EQE of less than
5% in the long-wavelength range which also contradicts the carrier generation by
absorbing almost 95% of the incident light. As previously explained in the case of
champion cell, further improvements in the CuSbS2 absorber quality by reducing
the grain boundaries and bulk defects including Cu2S, Sb2S3 etc. as well as ﬁnding
appropriate ohmic contacts for these desired PV devices are required to improve its
PV properties.
X-ray photoelectron spectroscopy was employed to determine the elemental
composition and chemical states using a typical survey and high-resolution spec-
tral analyses of the glass/ITO/n-CdS/p-CuSbS2 PV device using CAS Cu-50 ﬁlm
fabricated by annealing at 350 ◦C for 30 min where the Sb2S3 layer thickness was
kept constant (CBD kept constant for 4 h at 25 ◦C). Low-resolution survey spectra
recorded from 0 to 1350 eV were used for the elemental analysis of each sample
whereas high-resolution spectra of Cu, Sb, and S were used for the chemical state
analysis (Figure 4.22). An extremely small amount of carbon and oxygen presence
was observed for the sample from the surface due to the surface contamination in
the ambient atmosphere. After a small etch from the surface, this impurity presence
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Figure 4.21: EQE measurement of glass/FTO/n-CdS/p-Sb2S3 and glass/ITO/n-
CdS/p-CuSbS2 PV devices using varying Cu thicknesses 5, 10, 20 and 50 nm fabri-
cated by annealing at 350 ◦C for 30 min
was totally removed. The high-resolution scans of the same cell are shown in Figure
4.23, where the data were collected from the 1st etched surface, in order to avoid the
eﬀect of any contaminations present on the sample surface. The core-level spectrum
of Cu shows a 2p doublet at binding energies 932.9 eV (2p3/2) and 952.7 eV (2p1/2
) with a separation of 19.8 eV. Sb core level spectrum shows an excellent peak ﬁt-
ting with the major peaks at 529.42 eV (Sb3d5/2) and 538.81 eV (Sb3d3/2) (Figure
4.23(b)). The core level of sulfur showed major peaks of S2p3/2 at 162.21 eV and
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Figure 4.22: Survey spectrum of glass/FTO/n-CdS/p-CuSbS2 PV device using CAS
Cu-50 ﬁlm fabricated by annealing at 350 ◦C for 30 min where the Sb2S3 layer
thickness kept constant (CBD kept constant for 4 h at 25 ◦C).
S2p1/2 at 163.33 eV with a separation of 1.12 eV. All the respective binding energy
values of Sb, S and Cu are well matching with the previously reported BEs for the
corresponding oxidation states of elements in CuSbS2 thus conﬁrming the forma-
tion of ternary CuSbS2 phase [78,152]. The B.E proﬁle montage and the respective
composition analysis of the same sample are presented in Figure 4.24 and Figure
4.25 respectively. Depth proﬁle analysis showed the uniformity of the Cu, Sb and S
elements throughout the depth of the ﬁlm. In the case of CuSbS2 samples formed
by RTP at 600 ◦C, the surface was antimony rich in composition. The formation
of the ternary CuSbS2 phase by the interlayer diﬀusion of Sb2S3 and Cu is clearly
indicated from the composition ﬁgures.
Figure 4.26 shows the SEM images together with the EDX elemental composi-
tion of glass/ITO/n-CdS/p-CuSbS2 PV device using CAS Cu-50 ﬁlm fabricated by
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Figure 4.23: X-ray photoelectron spectroscopy of glass/FTO/n-CdS/p-CuSbS2 PV
device using CAS Cu-50 ﬁlm fabricated by annealing at 350 ◦C for 30 min where the
Sb2S3 layer thickness kept constant (CBD kept constant for 4 h at 25 ◦C) after Ar+
ion etching, (a) Cu2p core level (b) Sb3d core level (c) S2p core level
Figure 4.24: Depth proﬁle of glass/ITO/n-CdS/p-CuSbS2 PV device using CAS
Cu-50 ﬁlm fabricated by annealing at 350 ◦C for 30 min
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Figure 4.25: XPS proﬁle montage of glass/FTO/n-CdS/p-CuSbS2 PV device using
CAS Cu-50 ﬁlm fabricated by annealing at 350 ◦C for 30 min.
Figure 4.26: Scanning electron microscopy images and EDX elemental composition
analysis of glass/FTO/n-CdS/p-CuSbS2 PV device using CAS Cu-50 ﬁlm fabricated
by annealing at 350◦C for 30 min where the Sb2S3 layer thickness kept constant (CBD
kept constant for 4 h at 25 ◦C).
annealing at 350 ◦C for 30 min where the Sb2S3 layer thickness kept constant (CBD
kept constant for 4 h at 25 ◦C). Spherical grains of diﬀerent sizes constitute the sur-
face morphology of these thin ﬁlms with full surface coverage. The EDX spectrum of
the same PV device was also collected to determine the elemental composition. The
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major peaks in the EDX spectrum were corresponding to the characteristic X-rays
of Sb, S, and Cu together with adventitious C and O indicating that the sample is
composed of only the desired elements. The EDX elemental mapping of the solar
cell (Figure 4.27) revealed the uniform distribution of each element such as Sb, S
and Cu on the surface without any other impurities. Both the SEM images and
EDX mapping data conﬁrm the formation of the CuSbS2 absorber layer in the PV
device and its spherical uniform surface morphology.
Figure 4.27: EDX mapping for CuSbS2 thin ﬁlm formed analysis of glass/FTO/n-
CdS/p-CuSbS2 PV device using CAS Cu-50 ﬁlm fabricated by annealing at 350 ◦C
for 30 min where the Sb2S3 layer thickness kept constant (CBD kept constant for 4
h at 25 ◦C).
Superstrate p-i-n configuration
To further improve the photovoltaic parameters, a very thin intrinsic layer
of Sb2S3 between n-CdS and p type CuSbS2 was implemented. The advantage
of introducing such an intrinsic layer between p and n layer is that it can widen
electrostatic ﬁeld region which enhances the photogenerated charge collection [197].
The p-i-n structure is preferable in devices using materials with short minority carrier
diﬀusion length, improving Jsc and thus the eﬃciency [198].
The photovoltaic structures using CuSbS2 as absorber material in a super-
strate p-i-n conﬁguration of glass/FTO/CdS/i-Sb2S3/CuSbS2 is shown in Figure
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Figure 4.28: Superstrate p-i-n conﬁguration of glass/SnO2:F/(n)CdS/(i)Sb2S3/(p)
CuSbS2/Ag
4.28. Here, the window layer CdS were deposited as mentioned earlier (70 ◦C for 20
min). Sb2S3 Intrinsic layer was deposited over CdS coated FTO ﬁlms by chemical
bath deposition (25 ◦C for 1 h). The layered precursors of glass/FTO/CdS/Sb2S3
were annealed at 350◦C for 1 h in conventional vacuum oven in order to form the crys-
talline phase of Sb2S3. From the previous results it was clearly observed that, among
all the cells (p-n conﬁguration : glass/FTO/n-CdS/p-CuSbS2 which undergone just
the conventional vacuum oven treatments) fabricated at diﬀerent conditions, the one
with 4 h Sb2S3 having Cu thickness 50 nm outperformed other PV devices. Hence,
the same condition was selected for the fabrication of the absorber layer here in p-i-n
conﬁguration as well. The evaluation of the J-V curves under dark and illumination
using the p-i-n junction conﬁguration of glass/SnO2:F/n-CdS/i-Sb2S3/p-CuSbS2/Ag
is shown in Figure 4.31. Same like in the case of PV devices having p-n conﬁgura-
tion, For the J-V measurements, the contacts were made of silver paint where the
active device area was 25 mm2. As observed from the Figure 4.29, the PV device
(glass/FTO/n-CdS/i-Sb2S3/p-CuSbS2/Ag) formed by annealing at 350◦C for 30 min
showed Voc= 483 mV, Jsc= 7.2 mA/cm2, FF = 0.28 and the conversion eﬃciency (η)
= 0.99%. Here, the increase in Jsc and thereby increase in eﬃciency is attributed to
the use of an intrinsic layer in the device.
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Figure 4.29: Glass/SnO2:F/(n)CdS/(i)Sb2S3 /(p)CuSbS2/Ag solar cells using CAS
Cu-50 ﬁlm fabricated by annealing at 350 ◦C for 30 min where the Sb2S3 layer
thickness kept constant (CBD kept constant for 4 h at 25 ◦C).
X-ray photoelectron spectroscopy (XPS) analysis was carried out to estimate
the complete analysis of the elemental composition and their respective chemical
states for this cell (glass/FTO/n-CdS/i-Sb2S3/p-CuSbS2) using the high-resolution
spectra. Here also, the high-resolution spectra of Cu2p, S2p and Sb3d were recorded
from the depth after the ﬁrst etching cycle as presented in Figure 4.30(a), 4.30(b),
and 4.30(c) respectively. As observed in Figure 4.30(a), B.E of Cu2p, Sb3d and
S2pare in correlation with the repective energies in CuSbS2 phase as described ear-
lier. The layered structure of CuSbS2/CdS/FTO is clear from the depth proﬁle
compositional analysis given in Figure 4.31.
X-ray photoelectron spectroscopy of glass/SnO2:F/n-CdS/i-Sb2S3/p-CuSbS2
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Figure 4.30: X-ray photoelectron spectroscopy of glass/SnO2:F/n-CdS/i-Sb2S3/p-
CuSbS2 PV device using CAS Cu-50 ﬁlm fabricated by annealing at 350 ◦C for 30
min after Ar+ ion etching, (a) Cu2p core level (b) Sb3d core level (c) S2p core level
PV device using CAS Cu-50 ﬁlm fabricated by
Figure 4.31: XPS proﬁle montage of glass/SnO2:F/n-CdS/i-Sb2S3/p-CuSbS2 PV
device using CAS Cu-50 ﬁlm fabricated by annealing at 350 ◦C for 30 min
n
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In conclusion based on all the above described results, the CuSbS2 thin ﬁlms
(solar cells prepared on ITO using 2 h Sb2S3) formed were incorporated in photo-
voltaic structures of superstrate conﬁguration: glass/TCO/CdS/CuSbS2 . The best
photovoltaic parameters were Voc= 0.665 V and FF = 0.62, the highest values ever
reported for the CuSbS2 based p-n junction solar cells, however, the Jsc was found to
be low as 1.5 mA/cm2. For further improvement of the Jsc, the Sb2S3 bath duration
was increased to 4h and 8h simultaneously varying the Cu thickness in each case.
Among the cells fabricated at diﬀerent conditions, the one with 4 h Sb2S3 having
Cu thickness 50 nm outperformed other PV devices in terms of Jsc even though the
Voc and FF of the same cell was not as high as that of the 2 h Sb2S3 based solar cell.
Finally, a PV device was constituted in the p-i-n conﬁguration using bare Sb2S3 as
the intrinsic layer where the cell showed nearly 1% photoconversion eﬃciency which
was much higher than the previously described PV devices. However, the synthesis
of the CuSbS2 thin ﬁlms and thereafter the incorporation of the same in PV device
application should be more optimized for making them suitable for practical use.
Table 2.1 summarizes some PV device conﬁgurations using CuSbS2 or CuSbSe2
as absorber materials. Among the various cell strcutures, Mo/CuSbS2/CdS/i-ZnO/n-
ZnO/Al showed the highest performance displaying a photoconversion eﬃciency of
3.22%. The Voc, Jsc and FF values of the PV cell were 470 mV, 15.64 mA/cm2 and
43.56% respectively. However a diﬀerent conﬁguration employing CuSbS2 as Mo/Cu
SbS2/CdS/i-ZnO/ITO/Al yielded open circuit voltage of 622 mV despite the lower
conversion eﬃciency of the cell as 2.55% in comparison with the previous one. On
the other hand, in the present work the highest conversion eﬃciency (0.6%) was
achieved for the cell fabricated using pre-annealed RTP at 400 ◦C, but the Voc of the
same cell is found to be the highest ever reported for a CuSbS2 based PV device up
to date.
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4.3.1.3 Electrical and photodetector properties
The current-voltage (I-V) characteristics of CuSbS2 photodetector having varying
Cu thicknesses (CAS 20, CAS 30, CAS 50) under dark, as well as illumination at
diﬀerent wavelength, LED for an applied voltage from -5V to +5V is shown in Figure
4.32 [181]. As shown in the ﬁgure, good symmetry of the I-V curves for all the ﬁlms
suggest better ohmic contact between the and CAS ﬁlms. The photocurrent analysis
under dark, as well as light at the same bias voltage, shows a signiﬁcant increase in
current with the illumination. CAS 40 and CAS 30 showed the highest current for
the illumination wavelength of 450 nm which coincide with the optical results where
the maximum absorption was in this wavelength range (Figure 3.44). These results
are comparable with the work reported on ﬂexible photodetector based on SnS thin
ﬁlms by Mahdi et al [199]. For the SnS photodetector illuminated by LED having
wavelength of 380 nm showed better photocurrent rather than the LEDs with higher
wavelengths (530, 750 and 850 nm) which is well matching with the current work.
The SnS based photodetector exhibited a fast response, realiable photoresponse and
high reproducibility with sensitivity for 380 nm as 2990 at an applied bias voltage of
3V. Sensitivity of the CAS thin ﬁlms-based photodetector is almost one order less
compared to the sensitivity of the SnS-based detectors. Nevertheless, they still oﬀer
promising photodetection properties in the entire UV and NIR regions.
Photoresponse of CAS 20, CAS 30 and CAS 40 samples at 1, 3 and 5 bias
voltages under dark, as well as illumination using LEDs having wavelength of 450,
620, 740 and 850 nm at a cyclic interval of 5 sec, is shown in Figure 4.33, Figure
4.34 and Figure 4.35 respectively [181]. As observed in the previous results, CAS
40, as well as 30 ﬁlms, show highest photocurrent for illumination having a wave-
length of 460 nm. But CAS 20 shows better photocurrent for 740 nm. For all the
samples, the photocurrent increases to a stable value under each bias voltage and
reach back to its initial value as illumination is turned oﬀ, which shows the stability
as well as reproducibility characteristics of the CAS photodetector. When we com-
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Figure 4.32: Schematic representation of the CAS photodetector device, the current
voltage curves of the CAS 20, 30 and 40 photodetectors under dark and illumination
with diﬀerent wavelength LED’s (450, 620, 740 and 850 nm) light. Reused with kind
permission from RSC advances (DOI:10.1039/C8RA05662E).
pare the photoresponse of the CAS ﬁlms in the present work with the ﬁrst report
on organic-inorganic photodetector based on CuSbS2 nanocrystals, the ﬂuctuation
of photocurrent corresponds to the on/oﬀ switching is very fast in both cases, in-
dicating a high photosensitivity [200]. The measure of change in conductivity of
a sample upon illumination (photosensitivity) of the photodetectors are measured
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Figure 4.33: Photoresponse stability testing of CAS photodetector (CAS 20, CAS
30 and CAS 40) under illumination with LEDs having wavelengths 450, 620, 740
and 850 nm for bias voltage 1V. Reused with kind permission from RSC advances
(DOI:10.1039/C8RA05662E)
Figure 4.34: Photoresponse stability testing of CAS photodetector (CAS 20, CAS
30 and CAS 40) under illumination with LEDs having wavelengths 450, 620, 740
and 850 nm for bias voltage 3V. Reused with kind permission from RSC advances
(DOI:10.1039/C8RA05662E).
Figure 4.35: Photoresponse stability testing of CAS photodetector (CAS 20, CAS
30 and CAS 40) under illumination with LEDs having wavelengths 450, 620, 740
and 850 nm for bias voltage 5V. Reused with kind permission from RSC advances
(DOI:10.1039/C8RA05662E).
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Figure 4.36: (a) Laser power vs sensitivity graphs of CAS 20, CAS 30 and CAS 40
samples at applied bias voltage 1V. (b) sensitivities of CAS 20, CAS 30 and CAS 40
samples for varying bias voltages (1, 3 and 5 V) for the laser power 40mW. Reused
with kind permission from RSC advances (DOI:10.1039/C8RA05662E).
The corresponding values are shown in Table 4.3 and Table 4.4 for the applied
bias voltage 1V, Table 4.5 and Table 4.6 for the applied bias voltage 3V, Table 4.7 and
Table 4.8 for the applied bias voltage 5V respectively [181]. For the measurements
using diﬀerent wavelength LEDs, the highest sensitivity for the CAS20 sample is
obtained for 740 nm whereas for CAS30 and CAS40 samples, blue light (450nm)
showed highest sensitivities. Among all the samples, better sensitivity under all
the wavelengths of illumination was recorded for CAS 20 ﬁlm which might be due
to the less conductivity of these ﬁlms originated from the unreacted Sb2S3 as well
as impurity phases. Sensitivity measurements corresponding to the illumination by
green laser (532 nm) for diﬀerent laser power (applied voltage 1V) as well as for
diﬀerent applied bias voltages (1V, 3V, and 5V) are presented in Figure 4.36(a) and
Figure 4.36(b) [181].
a
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Figure 4.37: (a) Laser power vs sensitivity graphs of CAS 20, CAS 30 and CAS
40 samples at applied bias voltage 3V (b) Laser power vs sensitivity graphs of
CAS 20, CAS 30 and CAS 40 samples at applied bias voltage 5V (DOI:10.1039/
C8RA05662E).
Sensitivity measurements corresponding to the illumination by green laser (532
nm) for diﬀerent laser power at two constant applied bias of 3V and 5V are shown
in Figure 4.37(a and b) respectively [181]. In accordance with the measurements
using LEDs, the highest sensitivities are recorded for the CAS 20 sample compared
to CAS 30 and CAS 40, while illuminated using the laser. The sensitivity of all the
three samples increases gradually with laser intensity. The amount of photocurrent
generated per unit area per unit illumination intensity, responsivity (R) is calculated
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Table 4.3: Sensitivity measurements of CAS 20, 30 and 40 using LEDs at ap-
plied voltage 1V. Reused with kind permission from RSC advances (DOI:10.1039/
C8RA05662E).
Sample
Wavelength Idark Ilight Sensitivity
(nm) (nA) (nA) (%)
CAS 20 450 8.52 27.65 224.47
620 8.53 27.86 226.56
740 8.47 30.53 260.62
850 8.51 18.90 122.14
CAS30 450 48.8 104.8 114.75
620 48.07 99.79 107.59
740 48.53 94.51 94.84
850 46.93 67.5 43.92
CAS40 450 173.05 372.39 115.03
620 172.82 321.08 85.55
740 171.18 304.61 78.12
850 175.29 243.87 39.42
where Lλ is the power density of the light source. The responsivity of the
CAS detectors was calculated using equation (3) from the measurements done by
laser illumination at applied voltages 1V, 3V, 5V, and the corresponding values are
included in Table 4.4, Table 4.6 and Table 4.8 respectively. Highest responsivities
were recorded for CAS 20 at the laser power of 2 mW, CAS 30 at 10 mW and CAS
40 at 6 mW respectively. All this electrical analysis is comparable with the reported
work on hybrid photodetector based on CuSbS2 [200] and the CAS ﬁlm reported
here. Among the fabricated photodetector conﬁgurations, the one having 20 nm
CAS thin ﬁlm outperformed others in terms of the device performance. This can be
primarily attributed to the lower conductivity of these thin ﬁlms in comparison with
Chapter 4. CuSbS2 based devices: solar cells and photodetector 147
Table 4.4: Sensitivity and responsivity measurements of CAS 20, CAS30 and CAS40
at various laser (532 nm) power density and applied voltage 1V. Reused with kind
permission from RSC advances (DOI:10.1039/C8RA05662E).
Sample
Power density Idark Ilight Sensitivity Responsivity
(mW/cm2 ) (nA) (nA) (%) (AW−1) *10−6
CAS 20 0.8 3.95 7.68 94.43 19.05
2.4 3.80 9.48 149.47 9.62
3.9 3.88 10.68 175.25 6.91
7.9 4.15 13.09 215.42 4.54
11.8 3.94 14.55 269.03 3.59
15.8 4.11 15.89 286.61 2.99
CAS30 0.8 71.4 72.3 1.26 4.57
2.4 71.7 76.9 7.25 8.81
3.9 71.6 80.3 12.15 8.84
7.9 74.8 88.1 17.78 6.76
11.8 74.9 92.7 23.76 6.03
15.8 76.6 95.8 25.06 4.88
CAS40 0.8 196 199 1.53 15.24
2.4 208 225 8.17 28.78
3.9 215 239 11.16 24.38
7.9 213 258 21.07 22.81
11.8 212 271 27.78 19.97
15.8 211 288 33.17 11.78
others due to the lower Cu content. The presence of unreacted Sb2S3 in the CAS 20
nm thin ﬁlm might have also played a role in this case probably by contributing to
the partial absorption of the incoming photons.
a
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Table 4.5: Sensitivity measurements of CAS 20, 30 and 40 using LEDs at ap-
plied voltage 3V. Reused with kind permission from RSC advances (DOI:10.1039/
C8RA05662E).
Sample
Wavelength Idark Ilight Sensitivity
(nm) (nA) (nA) (%)
CAS 20 450 23.31 74.79 220.85
620 23.17 81.73 252.74
740 22.97 84.84 269.35
850 22.65 55.21 143.75
CAS 30 450 145.47 325.22 123.56
620 145.30 303.68 109
740 145.63 295.95 103.22
850 145.04 210.61 45.21
CAS 40 450 575.04 1064.03 85.03
620 570.93 952.79 66.88
740 567.68 910.68 60.42
850 564.34 730.13 29.36
Chalcogenide based binary, ternary and quaternary semiconductors and their
composites have already proven to be suitable candidates for photodetector ap-
plications owing to its unique semiconducting properties. For instance, inorganic
thin ﬁlm visible light photodetector based on graphene on antimony sulﬁde was
reported by Xiao et al. [202] and stable photoresponse was obtained even at zero
bias voltage for the wavelength range 400-700 nm. In addition, CuInS2 thin ﬁlm
and CuInSe2 nanocrystals were also applied for light detection applications by var-
ious research groups [203, 204]. Hao et al. [200], reported the synthesis of a high-
performance photodetector based on the hybrid ﬁlm of CuSbS2 nanocrystals and poly
(3-hexylthiophene). Even though the constructed photodetector device had stable
photodetection properties, better sensitivity was obtained in the infrared range.
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Table 4.6: Sensitivity and responsivity measurements of CAS 20, 30 and 40 at
various laser power and applied voltage 3V. Reused with kind permission from RSC
advances (10.1039/C8RA05662E).
Sample
Power density Idark Ilight Sensitivity Responsivity
(mW/cm2 ) (nA) (nA) (%) (AW−1) *10−5
CAS 20 0.8 13.3 27.1 103.75 7.01
2.4 13.5 34.4 154.81 3.54
3.9 13.5 39.5 192.59 2.64
7.9 13.8 49.2 256.52 1.80
11.8 13.6 55.5 302.17 1.41
15.8 13.3 59.6 338.23 1.17
CAS 30 0.8 213 216 1.41 1.52
2.4 215 232 7.90 2.88
3.9 219 244 11.41 2.54
7.9 228 255 11.84 1.37
11.8 229 258 12.36 0.98
15.8 234 288 23.07 1.37
CAS 40 0.8 588 604 2.72 8.12
2.4 631 676 7.30 7.67
3.9 641 715 11.38 7.51
7.9 636 777 22.16 7.16
11.8 642 813 26.47 5.79
15.8 651 845 29.80 4.93
In the present work the synthesized CAS thin ﬁlms-based photodetectors ex-
hibit reliable photodetection properties including the visible region as well as NIR
regions. This study using CAS thin ﬁlms as photodetecting devices promises a great
future for this material in the ﬁeld of optoelectronics as well where cost-eﬀectiveness
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Table 4.7: Sensitivity measurements of CAS 20, 30 and 40 using LEDs at ap-
plied voltage 5V. Reused with kind permission from RSC advances (DOI:10.1039/
C8RA05662E).
Sample
Wavelength Idark Ilight Sensitivity
(nm) (nA) (nA) (%)
CAS 20 450 43.23 130.19 201.16
620 42.55 137.85 223.85
740 43.03 143.38 233.29
850 42.37 91.82 116.71
CAS 30 450 220.15 478.31 117.27
620 219.55 476.68 117.11
740 219.74 461.96 110.23
850 219.88 327.10 48.76
CAS 40 450 944.99 1823.82 93
620 943.68 1617.62 71.42
740 952.06 1534.40 61.17
850 949.96 1236.11 30.12
and environment friendly nature of the constituent elements are of utmost impor-
tance. Earth abundancy of the elements in CuSbS2 may also serve as an advantage
when the devices based on this material has to be scaled up for commercial purpose.
On the other hand, by precisely controlling the deposition parameters, one can get
good control over the properties of the resulting CuSbS2 thin ﬁlms thereby opening a
way to indirectly choose the operation conditions and performances of the fabricated
devices based on CuSbS2.
In the present work the synthesized CAS thin ﬁlms-based photodetectors ex-
hibit reliable photodetection properties including the visible region as well as NIR
regions In the present work the synthesized CAS thin ﬁlms-based photodetectors
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Table 4.8: Sensitivity and responsivity measurements of CAS 20, 30 and 40 at
various laser power and applied voltage 5V. Reused with kind permission from RSC
advances (DOI:10.1039/C8RA05662E).
Sample
Power density Idark Ilight Sensitivity Responsivity
(mW/cm2 ) (nA) (nA) (%) (AW−1) *10−4
CAS 20 0.8 23.7 48.6 105.06 1.26
2.4 24.2 62.8 159.50 0.65
3.9 24.2 71.7 196.28 0.48
7.9 23.7 88.8 274.68 0.33
11.8 24.3 100.5 313.16 0.26
15.8 23.4 109.2 366.23 0.22
CAS 30 0.8 358 363 1.39 0.25
2.4 358 384 7.26 0.44
3.9 369 413 11.92 0.45
7.9 366 446 21.85 0.41
11.8 391 479 22.82 0.30
15.8 386 493 27.72 0.27
CAS 40 0.8 979 1002 2.24 1.15
2.4 1060 1134 6.98 1.25
3.9 1066 1189 11.53 1.25
7.9 1076 1359 26.30 1.44
11.8 1090 1416 29.90 1.10
15.8 1084 1455 34.22 0.94
exhibit reliable photodetection properties including the visible region as well as NIR
regions. In the present work the synthesized CAS thin ﬁlms-based photodetectors
exhibit reliable photodetection properties including the visible region as well as NIR
regions..
Chapter 5
CuSbSexS2−x thin films: synthesis,
characterization and device
applications
In pursuit of improving the performance of CuSbS2 /CdS PV structure, making
solid solution with selenium to form a quaternary CuSbSexS2−X is explained in this
chapter. One advantage of alloying with Se is that the band gap of the material
shifts to 1.5 eV from 1.2 eV depending on the Se content incorporated which helps
to absorb more solar light. Solar cells based on selenized CZTS and CIGS found to
outperform the device performances displayed by bare CZTS and CIGS based PV
devices. For instance, Wang et al. [205], achieved 12.6% conversion eﬃciency for a
CZTSSe where the improved eﬃciency was attributed to the reduction of Voc deﬁcit.
A hydrazine processed Cu2ZnSn(Se,S)4 exhibited comparable device properties to
that of CIGSSe and CuInSe2 based PV devices where the limiting factors were
reported to be short minority carrier lifetime, dominant interface recombination, and
high series resistance. CZTSSe-based solar cells fabricated using CZTS nanocrystals
also showed a high total area power conversion eﬃciency of 7.2% [206]. On the
other hand, a photoconversion eﬃciency of 15% was reported for a solar cell having
CIGSSe as the absorber material which was obtained through a nanoparticle ink-
based process of [207]. Motivated by these reports, we adopted this approach to
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form CuSbSeXS2−x ﬁlms.
Here, Sb2S3 bath of 4 h was subjected to selenization process by a chemical
method. We also report a systematical study by varying the Cu thickness from 5 to
50 nm for the selenized ﬁlms. The properties of the quaternary CuSbSexS2−X are
compared with that of Sb2SeXS3−X and CuSbS2. The Sb2SeXS3−X thin ﬁlms were
prepared by heating glass/Sb2S3/Se and CuSbSexS2−X ﬁlm were formed by heating
glass/Sb2S3/Se/Cu layers. In both cases, the heating condition was by conventional
annealing.
5.1 SYNTHESIS
5.1.1 Chemical deposition of Sb2S3
The chemical bath conditions were alike that used for the ternary CAS thin ﬁlms
(section 3.2.1.1). Brieﬂy, in the typical process, the glass substrates were placed
horizontally in a petri dish containing the solution of SbCl3 and Na2S2O3 and the
solution mixture after well stirring was poured into it. The bath duration was 4 h
in this case.
5.1.2 Selenization by chemical method
Sb2S3 layer coated glass substrates were dipped in a solution containing 7 ml of
Na2SeSO3 (0.1 M), 40 ml of room temperature deionized water, and 1 ml acetic acid
(25%). The selenium layer was deposited by one deposition for 1 h. 0.78 g of selenium
powder (99.99% purity) and 4.5 g of Na2S2O3 were dissolved in 100 ml deionized
water at 90 ◦C for 3 h for preparing the Na2SeSO3 precursor solution [208, 209].
The selenium deposition was carried out over the Sb2S3layer before Cu deposition
since the Sb2S3/Cu/Se layer formed impurity phase by reaction between Cu and Se
during the heating stage.
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5.1.3 Thermal evaporation of Cu
Cu thin ﬁlms were deposited onto Sb2S3/Se coated glass substrates by means of
thermal evaporation as explained in the last chapter (section 3.2.1.2). Diﬀerent Cu
thicknesses such as 5, 10, 20 and 50 nm were deposited on the glass/Sb2S3/Se layers.
5.1.4 Heat treatment
The Sb2S3/Se/Cu stacked layers were heaed at 350 ◦C in low vacuum (10−3 Torr)
for 30 min in a conventioal vacuum furnace to form the quaternary CuSbSexS2−X
through diﬀusion and reaction of the precursor layers. The selenium atoms were
incorporated into the stack layers by Se thin ﬁlm deposition by CBD forming a binary
phase by reaction [210] and by diﬀusion-controlled reaction of metallic precursor
by evaporation with selenium [211, 212]. In the present, to obtain the quaternary
CuSbSexS2−X the glass/Sb2S3/Se/Cu stacked thin ﬁlms were annealed.
5.2 FABRICATION OF SOLAR CELL
CuSbSexS2−X thin ﬁlms were incorporated in PV structure glass/SnO2:F/(n)CdS/
(p)CuSbSeXS2−X/Ag by the similar procedure described in the previous chapter.
Only diﬀerence is that prior to copper evaporation, glass/SnO2:F/CdS/Sb2S3 was
coated with Se as mentioned above. The multilayer structure, glass/SnO2:F/CdS/
Sb2S3/Se/Cu was heated at 350 ◦C for 30 min in low vacuum (4 ×10−3 Torr)
(schematically represented Figure 5.1). Ohmic contacts were made using colloidal
Ag(SPI supplies) for measuring the I-V characteristics of the fabricated PV devices.
The contact area was 5 × 5 mm2. The photovoltaic parameters of the prototypes
were evaluated and thus the device performance.
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Figure 5.1: Superstrate p-n conﬁguration of glass/SnO2:F/(n)CdS/(p)CuSbSex
S2−X/Ag
5.3 CHARACTERIZATION
The selenium contained thin ﬁlms formed at diﬀerent conditions were analyzed using
diﬀerent techniques such as XRD, XPS, XRF, Raman spectroscopy, SEM, EDX, and
also evaluated their optoelectronic properties as elucidated in the previous chapters.
5.4 RESULTS AND DISCUSSION
5.4.1 Structure
Structural characteristics of the glass/Sb2S3/Se/Cu layers with varying Cu thick-
nesses from 5 to 50 nm together with that of glass/Sb2S3/Se were analyzed by grazing
incidence X-ray diﬀraction analysis. Figure 5.2 shows the corresponding XRD pat-
terns taken at an angle of incidence of 0.5º as well as the standard JCPDS patterns
for orthorhombic CuSbS2 (PDF#44-1417) and stibnite Sb2S3 (PDF#42-1393). The
glass/Sb2S3/Se/Cu layers having Cu thicknesses 5 and 10 nm present XRD patterns
similar to that of the glass/Sb2S3/Se thin ﬁlm as shown in the ﬁgure with major
reﬂections from the (020), (120), (130), (211), (221), (240) and (501) crystal planes
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Figure 5.2: GIXRD patterns at θ = 0.5◦ for glass/Sb2S3/Se/Cu of varying Cu
thicknesses 5, 10, 20 and 50 nm by keeping Sb2S3 and Se bath constant for 4 and 1
h respectively annealed at conventional vacuum oven at 350 ◦C for 30 min. GIXRD
pattern of glass/Sb2S3/Se along with the standard pattern corresponding to Stibnite
Sb2S3and orthorhombic CuSbS2 (PDF#44–1417) are also included.
according to the standard JCPDS pattern of Sb2S3 having stibnite structure. Even
though the glass/Sb2S3/Se/Cu (5 nm) thin ﬁlm present similar XRD pattern as that
of the ﬁlm having 10 nm Cu, the CuSbS2 formation has started as the Cu thickness
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Figure 5.3: GIXRD patterns at θ = 0.2◦ for glass/Sb2S3/Cu and glass/Sb2S3/Se/Cu
respectively annealed at conventional vacuum oven at 350 ◦C for 30 min. The
standard pattern corresponding to orthorhombic CuSbS2 (PDF#44–1417) and or-
thorhombic CuSbSe2 (PDF#44–2357) are also included in the same ﬁgure for refer-
ence.
is increased from 5 to 10 nm. This is evidenced from the small peaks observed in the
XRD pattern corresponding to the (200) and (220) crystal planes of orthorhombic
CuSbS2. As the Cu thickness is increased to 20 nm, the major phase detected is
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Figure 5.4: Shift of the GIXRD peaks at θ = 0.2◦ of glass/Sb2S3/Cu50 nm and
glass/ Sb2S3/Se/Cu50 nm respectively annealed at 350 ◦C for 30 min.
CuSbS2 and for 50 nm Cu sample phase pure CuSbS2 can be observed. Since all the
thin ﬁlms were selenized, a small peak shift is expected with respect to that of pure
Sb2S3 or CuSbS2 phases. However, in this case, this peak shift is not clearly visible
in the patterns. This may be due the suppression of the selenide peaks formed at
the surface by the diﬀraction signals from the depth of the samples. To validate this,
the XRD patterns of the glass/Sb2S3/Se/Cu and glass/Sb2S3/Cu layers were taken
at angle of incidence of 0.2º and compared as shown in Figure 5.3. Standard JCPDS
patterns of CuSbS2 and CuSbSe2 are also included in the same ﬁgure as references.
The CuSbS2 sample with 50 nm Cu shows the pattern of orthorhombic CuSbS2
with preferential orientation along the (301) crystal plane. The same sample after
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selenization also possess comparable pattern except with a slight shift of the peaks
towards lower angle. On the other hand, the XRD pattern of the glass/Sb2S3/Se/Cu
sample, not match with the JCPDS pattern for CuSbSe2 excluding the possibility
that CuSbSe2 phase has formed by the selenization during heating in vacuum oven.
This peak shift in the selenized samples indicate the formation of CuSbSexS2−X solid
solution. In such a solid solution, fraction of the sulfur atoms in the CuSbS2 lattice
are substituted by Se atoms by which an increase in the lattice parameter owing
to the larger atomic radius of Se atoms compared to that of S atoms. This eﬀect
is clearly depicted in Figure 5.4 which shows the zoomed version of the XRD pat-
terns of the selenized and non-selenized samples. The formation of layered structure
CuSbSexS2−X mesocrystals was reported by Ramasamy et al. where the XRD pat-
terns that with increase of selenium content in CuSbSexS2−X showed a systematic
shift in the diﬀraction peaks toward lower angles and which indicating the formation
of a solid solution [119]. Takei et al. [82] prepared CuSb(SxSe1−X)2 solid solution by
mixing CuSbS2 powder with CuSbSe2 powder and post heating at 450 ◦C and ana-
lyzed the crystal structure by Rietveld reﬁnement of XRD data. They found that the
XRD peaks of the selenized samples were having intermediate positions compared
to the peak positions of pure orthorhombic CuSbS2 and CuSbSe2 . These XRD
results are comparable with the results of the present study where a peak shift is
noticed for the selenized samples which underlines the formation of the orthorhombic
CuSbSexS2−X.
Further analysis of the selenized ﬁlms were done by Raman spectral stud-
ies. Figure 5.5 shows the Raman spectra of the glass/Sb2S3/Se/Cu with varying
Cu thicknesses along with glass/Sb2S3/Se for comparison. The glass/Sb2S3/Se/Cu
samples having Cu thicknesses 5 and 10 nm present almost similar spectra as that
of selenized Sb2S3 sample exhibiting two weak Raman bands located at 274.5 and
300 cm−1. As speciﬁed by Yun Liu et al [182] and Y A sorb et al. [183], Sb2S3 shows
Raman active modes of Ag, A1g, A2g and A3g, B1g, B2g, and B3g at the wavenumbers
47.7, 50.8, 54.3, 69.1, 74.5, 99.1, 100,124.1,196.7, 208.2, 231.4, 241, 251, and 257.9
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Figure 5.5: Raman spectra of glass/Sb2S3/Se/Cu of varying Cu thicknesses 5 (b),
10 (c), 20 (d) and 50 nm (e) by keeping Sb2S3and Se bath constant for 4 and 1 h
respectively annealed at conventional vacuum oven at 350 ◦C for 30 min. Raman
spectra of glass/Sb2S3/Se (a) is also included in the same ﬁgure for a reference.
cm−1, 286 and 308 cm−1 and 314 cm−1 respectively. Here in the present spectra, the
peaks are located at 274.5 and 300 cm−1 for antimony sulﬁde/Se ﬁlms. The shift in
Raman peaks of Sb2S3/Se peak compared to the bare Sb2S3 ﬁlms (281 cm−1, 303
cm−1 (given in chapter 3)) conﬁrm the formation of Sb2SeXS3−X phase. As the Cu
thickness in the sample is increased to 10 nm, a peak appeared at 325.7 cm−1. As
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Figure 5.6: Raman spectra of glass/Sb2S3/Cu50 nm and glass/Sb2S3/Se/Cu50 nm
respectively annealed at conventional vacuum oven at 350 ◦C for 30 min.
speciﬁed by Baker et al. [184] in a study on pressure induced structure transfor-
mation in orthorhombic CuSbS2 (pnma space group), the Raman active zone-center
vibrational modes can be described with four Raman active modes (Ag, B1g, B2g and
B3g) and three infrared active modes (B1u,B2u,B3u). The Raman spectrum for an
unoriented CuSbS2 sample at 532 nm excitation wave length published in RRUFF
database [185] also supports the present ﬁndings. This implies that the ternary phase
CuSbS2 started to grow at Cu thickness 10 nm which is in good agreement with the
observed XRD results for the same ﬁlms. For the samples having Cu thickness 20
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nm and 50 nm, two Raman bands are observed, one at 211.4 cm−1 and another one
at 325.7 cm−1 which might be attributed to the CuSbSexS2−X. This assumption
is supported by the shift observed in the Raman bands of the selenized samples in
comparison with the bare CuSbS2 sample as shown in Figure 5.6. From Figure 5.6, it
can be clearly seen that the peaks located around 211.4 and 325.7 cm−1 are slightly
shifted towards smaller wavenumbers when the samples were undergone seleniza-
tion. Jiří Sejkora et al. [213] recently reported a systematical study on the Raman
spectra of CuSb(S,Se)2 thin ﬁlms. According to them, the vibratios at 330 and 314
cm−1 are corresponding to ν1 symmetric Sb–S stretching vibrations and modes at
220 and 180 cm−1 are ν1 symmetric Sb–Se stretching vibrations. Even though, the
peak at 330 cm−1 is corresponding to the Sb-S stretching vibration, a shift in peak
observed for the sample with Se concentration. Se rich samples showed a shift in
peak towards the lower wavenumber 326 cm−1. These results are comparable with
our present study. Hence, together with the XRD analysis, the Raman analysis also
conﬁrms the formation of CuSbSexS2−X through successful selenization of CuSbS2.
The Raman peaks of Sb2SeXS3−X and CuSbSeXS2−X thin ﬁlms are tabulated in
Table 5.1
Table 5.1: Raman peaks of Sb2SeXS3−X and CuSbSeXS2−X






(a) X-ray photoelectron spectroscopy (XPS)
Figure 5.7 and 5.8 show the low-resolution survey spectra recorded from 0 to
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Figure 5.7: Survey spectrum of glass/Sb2S3/Se precursor thin ﬁlm annealed at 350
◦C for 30 min in vacuum oven.
Figure 5.8: Survey spectrum of glass/Sb2S3/Se/Cu precursor thin ﬁlm annealed at
350 ◦C for 30 min in vacuum oven.
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Figure 5.9: X-Ray photoelectron spectroscopy of Glass Sb2S3/Se/Cu precursor thin
ﬁlm annealed at 350 ◦C for 30 min in vacuum oven after Ar+ ion etching, (a) Cu 2p
core level (b) Sb 3d core level (c) S 2p core level (d) Se 3d core level.
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Figure 5.10: XPS depth proﬁle of Glass Sb2S3/Se/Cu precursor thin ﬁlm annealed
at 350 ◦C for 30 min in vacuum.
1350 eV of glass/Sb2S3/Se, glass/Sb2S3/Se/Cu precursor thin ﬁlms annealed at 350
◦C for 30 min in vacuum oven after one cycle of etching using Ar+ ions. Figure 5.9 (a-
d) shows the high-resolution scans of Cu2p, S2p, Se3d and Sb3d respectively. Here,
the Shirly method was used to compute the background of high-resolution scans of
Cu2p, S2p, Se3d and Sb3d. Peaks from S2p, Se3d and Sb3d were deconvoluted using
the Gaussian Lorentzian sum function. Figure 5.9(a) shows the core-level spectrum
of copper 2p doublet which constitutes Cu2p3/2 and Cu2p1/2 peaks due to spin-
orbit coupling with respective binding energies of 932.42 and 952.17 eV. The Sb3d
core level spectrum and the deconvoluted peaks along with the resultant envelope
are shown in Figure 5.9(b). From the ﬁgure, spin-orbit coupled Sb3d peaks at 529
eV (Sb3d5/2) and 538.39 eV (Sb3d3/2). In the case of Cu as well as Sb, the peaks
were shifted lower energy comparing with the values reported for CuSbS2 and this
shift can be attributed to the formation of CuSbSeXS2−x compound. Figure 5.9(c)
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Figure 5.11: XPS proﬁle montage of Glass Sb2S3/Se/Cu precursor thin ﬁlm annealed
at 350 ◦C for 30 min in vacuum.
shows the high-resolution spectrum scan for S2p. Two strong peaks at 161.7 eV and
162.9 eV with an energy separation of 1.2 eV were assigned to S2p3/2 and S2p1/2
respectively, where the extra peaks observed at 160.3 and 166.1 eV are assigned
to Se2p3/2 and Se2p1/2 respectively. The high-resolution scan of Se3d is shown in
Figure 5.9(d) where the two peaks are observed at 54.1 eV (Se3d5/2) and 54.9 eV
(Se3d3/2) respectively. The formation of CuSbSeXS2−x phase is clearly seen from the
observable shift of Cu, Sb peaks and the binding energies of S, Se peaks, which are
not corresponding any of their binaries. These results were in good agreement with
that of the XRD and Raman analysis of the same sample.
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The B.E proﬁle montage and the respective composition analysis of the same
sample is presented in Figure 5.10 and 5.11 respectively. Analysis of the depth proﬁle
data showed the uniformity of the Cu, Sb and S throughout the depth of the ﬁlm.
As observed from the Figure 5.10, the presence of selenium is only at the surface
(up to the 5th etch level) due to the less duration of the deposition. The peak of Si
was originated from the glass substrate.
(b) X-ray Fluorescence Spectroscopy (XRF)
Elemental composition of the glass/Sb2S3/Se and glass/Sb2S3/Se/Cu samples
(where CBD of Sb2S3 at 25 ◦C for 4 h) annealed at 350 ◦C for 30 min in conventional
vacuum oven were measured with a Fisherscope XUV-733 X-ray ﬂuorescence (XRF)
instrument and it is tabulated in the table given below.
Table 5.2: XRF measurements of Sb2SeXS3−X, Sb2S3/Se with Cu thickness 5, 10, 20
and 50 nm.
Sample/Precursor Cu (%) Sb (%) S (%) Se (%) Se/S (%)
Sb2SeXS3−X 24.31 75.02 0.68 0.009
Sb2S3/Se_Cu 5 nm 0.807 39.4 59 0.79 0.013
Sb2S3/Se_Cu 10 nm 3.13 32.96 62.84 1.07 0.017
Sb2S3/Se_Cu 20 nm 5.62 30.6 62.7 1.08 0.017
Sb2S3/Se_Cu 50 nm 12.89 29.75 54.86 2.48 0.045
5.4.3 Morphology
Morphology, cross section SEM and EDX spectrum of the glass/Sb2S3/Se precursor
thin ﬁlm annealed at 350 ◦C for 30 min. are presented in Figure 5.12. The actual
surface morphology of the selenized Sb2S3 sample is hard to determine from the
SEM image as no particular grain morphology can be identiﬁed. However, some big
spherical particles are present on the surface as indicated by the diﬀerence in the
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Figure 5.12: Scanning electron microscopy images, cross-sectional scanning electron
micrographs and EDX for Sb2SeXS3−X thin ﬁlms formed by annealing glass/Sb2S3/Se
at 350 ◦C for 30 min.
Figure 5.13: Scanning electron microscopy images and EDX mapping for Sb2Sex
S3−X thin ﬁlms formed by annealing glass/Sb2S3/Se at 350 ◦C for 30 min.
contrast. The cross-section image of the same was taken for determining the average
thickness of the sample. The antimony sulﬁde sample after undergone selenization
process shows thickness of around 270 nm as marked in the Figure. To conﬁrm the
elemental composition of the sample, EDX analysis was performed and the major
elements detected were Sb, S, O, C, Se, Na and Si. Sb, S and Se are originated
from the sample and O, C, Si from the substrate. Nevertheless, the EDX pattern
conﬁrmed that the sample was constituted by only the desired elements. Moreover,
in addition to the XRD, XPS and Raman analyses, the EDX analysis also evidence
the successful selenization of the Sb2S3 samples. Figure 5.13 depicts the SEM surface
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Figure 5.14: Scanning electron microscopy images, cross-sectional Scanning elec-
tron micrographs and EDX for CuSbSexS2−X thin ﬁlms formed by annealing
glass/Sb2S3/Se/Cu at 350 ◦C for 30 min.
Figure 5.15: Scanning electron microscopy images and EDX mapping for
CuSbSexS2−X thin ﬁlms formed by annealing glass/Sb2S3/Se/Cu at 350 ◦C for 30
min.
morphology and elemental mapping of the Sb2SeXS3−X sample. From the elemental
mapping of C, O, Cu, Se, Si, S and Sb, the uniform distribution of the elements on
the sample surface can be clearly noticed.
Surface morphology, cross-section SEM image and EDX pattern of the CuSbSex
S2−X thin ﬁlm sample having 50 nm Cu thickness is presented in Figure 5.14.
The CuSbS2 sample after selenization, the surface of the ﬁlms consists irregular
shaped grains having well deﬁned boundaries as seen in the image. Thickness of the
CuSbSexS2−X layer was measured as 329 nm from the SEM cross-section analysis.
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The EDX pattern of the CuSbSexS2−X sample also consists the peaks correspond-
ing to the same elements as that in the Sb2SeXS3−X with the addition of the peaks
corresponding to Cu.
Elemental mapping of the CuSbSexS2−X thin ﬁlm sample formed by annealing
the glass/Sb2S3/Se/Cu at 350 ◦C for 30 minutes shows the distribution of all desired
elements on the sample surface as shown in Figure 5.15. Uniform distribution of Cu,
Sb, S and Se can be seen from the EDX mapping.
5.4.4 Optical properties
Optical properties of the selenized Sb2S3, CuSbS2 sample having 50 nm Cu and the
pristine CuSbS2 sample were measured using UV-Vis spectroscopy. Optical absorp-
tion spectra, transmittance and reﬂectance were measured using the glass substrates
as references in the spectrophotometer. Sb2S3 and CuSbS2 samples after selenization
shows distinct absorption spectra as shown in Figure 5.16 where the absorption is
higher for the CuSbSexS2−X thin ﬁlm sample compared to the Sb2SeXS3−X. Diﬀer-
ence in the absorption between both samples is signiﬁcant especially in the longer
wavelength regions. Optical band gap of the selenized Sb2S3 and CuSbS2 sam-
ples were calculated employing Tauc plot relation as shown in Figure 5.16. The
Sb2SexS3−X sample shows an optical band gap of 1.83 eV while the CuSbSexS2−X
exhibits a much lower energy bang gap as 1.55 eV. Optical transmittance and re-
ﬂectance of both these ﬁlms are also presented in Figure 5.17. Both ﬁlms show an
average transmittance above 50% in the near infrared region whereas it decreases
gradually as the wavelength of light is decreased. On the other hand, both sam-
ples display diﬀerent reﬂectance behavior. The emerging quaternary CuSbSexS2−X
material shows much lower reﬂectance compared to the Sb2SeXS3−X . This also un-
derlines the higher absorption of light in the CuSbSexS2−X as both thin ﬁlm samples
show similar kind of transmittance spectra.
n
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Figure 5.16: Optical absorption spectra and evaluation of optical band gap for
Sb2 SexS3−X and CuSbSexS2−X thin ﬁlms formed by annealing glass/Sb2S3 /Se,
glass/Sb2S3/Se/Cu50 nm at 350 ◦C for 30 min.
For better understanding, the optical properties of the CuSbSexS2−X sample
is compared with that of the CuSbS2 sample as shown in Figure 5.18. In this case
also, it is evident that the selenized CuSbS2 sample has higher absorption than the
other. However, optical band gap of both these samples fall in the same range as
1.55 and 1.57 eV respectively for CuSbSexS2−X and CuSbS2. This slight variation of
band gap maybe due to the formation of the quaternary phase only on the surface
of the sample. A slightly lower optical band gap for the selenized sample suggests
that it can perform similar or better than CuSbS2 thin ﬁlms when integrated in
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Figure 5.17: Transmittance (T) Spectra, Reﬂectance (R) spectra for Sb2SeXS3−X and
CuSbSexS2−X thin ﬁlms formed by annealing glass/Sb2S3/Se, glass/Sb2S3/Se/Cu50
nm at 350 ◦C for 30 min.
photovoltaic device applications. Optical properties of the CuSbSexS2−X thin ﬁlms
in general found to be better than both Sb2SeXS3−X as well as CuSbS2 samples. This
emerging quaternary material therefore can be used for applications including opto-
electronics and photovoltaics. In the case of CuSbSexS2−X thin ﬁlms were fabricated
following the similar procedure as that in this thesis work, two diﬀerent transitions
were observed, one at 1.4 and another one at 1.2 eV [152]. In that case, the optical
transition occurred at 1.4 eV was corresponding to the CuSbSexS2−X solid solution
whereas the one at 1.2 eV was attributed to the Cu2S impurity phase as reported by
Colombara et al. [67] and Klimov et al [214].
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Figure 5.18: Optical absorption spectra and evaluation of optical band gap
for CuSbS2 and CuSbSexS2−X thin ﬁlms formed by annealing glass/Sb2S3/Cu,
glass/Sb2S3/Se/Cu50 nm at 350 ◦C for 30 min.
5.4.5 Electrical properties
Electrical properties of the Sb2SeXS3−X and CuSbSexS2−X thin ﬁlms were analyzed
by measuring the I-V curves and photoconductivity and compared both with that
of bare CuSbS2 thin ﬁlms. Figure 5.19 shows the I-V curves of the Sb2SeXS3−X,
CuSbSexS2−X and CuSbS2 thin ﬁlms. From the ﬁgure, all the three thin ﬁlms show
an ohmic type behavior irrespective of the thin ﬁlm forming condition/diﬀerent pre-
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Figure 5.19: Current (I) - Voltage (V) characteristics of for Sb2SeXS3−X,
CuSbS2, CuSbSexS2−X thin ﬁlms formed by annealing - glass/Sb2S3/Se, glass/
Sb2S3/Se/Cu50 nm and glass/Sb2S3/Cu at 350 ◦C for 30 min.
cursor layers used. However, a notable diﬀerence on the order of measured current
can be observed where the Sb2SeXS3−X exhibits lower conductivity in comparison
with both CuSbSexS2−X and CuSbS2 thin ﬁlms. Photoconductivity measurements
were done by illuminating the thin ﬁlm precursor layers using a halogen lamp and
simultaneously measuring the current for evalutaing the opto-electronic properties of
these ﬁlms. Photoresponse measurements of Sb2SeXS3−X, and CuSbSexS2−X sam-
ples are depicted in Figure 5.20 a bias voltage of 10 V is applied. The dark con-
ducitivity of the CuSbSexS2−X thin ﬁlm is almost 5 orders of magnitude higher
compared to the dark conductivity of the glass/Sb2S3/Se thin ﬁlm as seen from the
y-axis of the photoresponse measurement curves. However, in both cases, the mea-
sured current shows a signiﬁcant increase upon illumination due to the additional
charge generation in these thin ﬁlms and then again decrease as soon as the illumi-
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Figure 5.20: Photocurrent response curves for Sb2SeXS3−X and CuSbSexS2−X thin
ﬁlms formed by annealing glass/Sb2S3/Se, glass/Sb2S3/Se/Cu50 nm at 350 ◦C for
30 min.
nation is turned oﬀ. In the present experiment, for each sample, the current was
measured ﬁrst for 20 sec in dark followed by 20 s under illumination using a halogen
lamp and then again another 20 s in dark. The photocurrent switch immeadiately as
the ilumination is either turned on or oﬀ. One major diﬀerence between the photore-
sponse measurements of the Sb2SeXS3−x and CuSbSeXS2−x samples is that, in the
case of the CuSbSeXS2−x thin ﬁlm, the photo generated current does not come back
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Figure 5.21: Photocurrent response curves for CuSbS2 and CuSbSexS2−X thin ﬁlms
formed by annealing glass/Sb2S3/Cu, glass/Sb2S3/Se/Cu50 nm at 350 ◦C for 30 min.
to the ground state within the measured time interval in contrast to the Sb2SeXS3−x
layer where the current comes back to the initial state immediately after turning
the illumination oﬀ. This could be attributed to the higher density of defects in the
CuSbSexS2−X thin ﬁlms than the other and hence the generated charge carriers are
trapped inside these defects which delay the recombination process [152]. Figure 5.21
displays the photoresponse comparison between the bare CuSbS2 and CuSbSexS2−X
thin ﬁlms where the selenized sample shows an enhanced photoresponse compared
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to the other. However, the shape of the photoresponse curves in both cases remain
the same. This indicates that the CuSbS2 sample after selenization may eﬀectively
replace the Sb2SeXS3−X or the CuSbS2 samples for diﬀerent applications owing to
its better opto-electronic properties. To determine and compare the photovoltaic
parameters of the CuSbSexS2−X thin ﬁlms, they were tested as absorber layers in
solar cells and the results are described in the following section.
5.4.6 Device properties
(a) J-V Characteristics
Figure 5.22: Evaluation of J-V characteristics of the glass/FTO/n-CdS/p-Sb2Sex
S3−X, glass/FTO/n-CdS/p-PV devices (using Cu-5, 10, 20 and 50 nm ﬁlm).
Device properties of the Sb2SeXS3−X and CuSbSexS2−X having Cu thick-
nesses 5, 10, 20 or 50 nm were tested by integrating these layers as absorber lay-
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ers in solar cells in the substrate conﬁguration glass/FTO/n-CdS/p-Sb2SexS3−X [or
CuSbSeXS2−x]. The corresponding J-V measurements for the solar cells under an
illumination from a solar simulator of otput power density 100 mW/cm2 are depicted
in Figure 5.22. It can be easily identiﬁed that the solar cell with having a Cu thick-
ness of 50 nm outperforms all others in terms of device performnace (indicated by
the green curve in Figure 5.22). This can be directly correlated with the enhanced
properties of the ﬁlm as described in the previous sections of the chapter. A trend
can be noticed in the device properties of the ﬁlms where the glass/FTO/n-CdS/p-
Sb2SexS3−X shows the lowest solar cell eﬃciency and then gradually increases with
the Cu thickness in the glass/FTO/n-CdS/p-CuSbSexS2−X layers. The solar cell
eﬃciencies correspnding to the diﬀerent samples are tabulated in the Table 5.3
Table 5.3: Photovoltaic parameters of and glass/FTO/n-CdS/p-CuSbSexS2−X/Ag
solar cells with varying Cu thicknesses 5, 10, 20 and 50 nm formed by annealing at
350 ◦C for 30 min
PV device Voc Jsc FF Efficiency η
(glass/FTO/CdS/Sb2S3/Se/Cu/Ag ) (Volt) (mA/cm
2) (%)
glass/FTO/CdS/Sb2S3/Se 0.06 0.06 0.25 0.001
glass/FTO/CdS/Sb2S3/Se/Cu : Cu 5nm 0.16 0.43 0.25 0.02
glass/FTO/CdS/Sb2S3/Se/Cu : Cu 10nm 0.43 1.44 0.34 0.21
glass/FTO/CdS/Sb2S3/Se/Cu : Cu 20nm 0.43 1.97 0.34 0.29
glass/FTO/CdS/Sb2S3/Se/Cu : Cu 50nm 0.46 5.08 0.38 0.91
Eﬃciency of the cell having CuSbSexS2−X-Cu50 nm as the absorber layer
presents a photoconversion eﬃciency of 0.91% which is much higher compared to a
similar solar cell conﬁguration but having the bare CuSbS2 as the absorber material
(chapter 4). External Quantum Eﬃciency (EQE) of the glass/FTO/n-CdS/Sb2S3/Se
and glass/FTO/n-CdS/p-Sb2S3/Se/Cu PV devices using varying Cu thicknesses 5,
10, 20 and 50 nm fabricated by annealing at 350 °C for 30 min are shown in Figure
5.23(a). As observed in the given ﬁgure, the better EQE curves were observed for the
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glass/FTO/n-CdS/p-CuSbSexS2−X with Cu 50 nm thickness. 10-21% EQE were ob-
served in the wavelength region of 350-550 nm which is comparably higher than that
glass/FTO/n-CdS/p-CuSbS2 with Cu 50 nm thickness (Figure 5.23(b)). Hence, the
seleneziation of the CuSbS2 layers could be a very important step towards the high
performance photovoltaic devices as required by the current and future scenarios
incorporating a material having earth abundant constituents.
Figure 5.23: EQE measurement of (a) glass/FTO/n-CdS/p-Sb2SexS3−X, glass/
FTO/n-CdS/p-CuSbSexS2−XPV devices using varying Cu thicknesses 5, 10, 20 and
50 nm fabricated by annealing at 350 ◦C for 30 min (b) EQE measurements of
glass/FTO/n-CdS/p-CuSbSexS2−X and glass/FTO/n-CdS/p-CuSbS2 for compari-
son.
The high-resolution spectra and depth proﬁle by the XPS analysis of the PV
device (glass/FTO/n-CdS/p-/Sb2S3/Se/Cu 50 nm at 350 ◦C for 30 min) shown in
Figure 5.24 and 5.25 respectively. Here, the high-resolution spectra of Cu2p, S2p and
Sb3d are presented in Figure 5.24(a), 5.24(b), and 5.24(c). The core level spectrum
of copper shows the 2p doublet which constitutes Cu2p3/2 and Cu2p1/2 peaks due to
spin orbit coupling with respective binding energies of 932.2 and 952.2 eV which do
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Figure 5.24: X-ray photoelectron spectroscopy of glass/FTO/CuSbSexS2−X-Cu 50
nm precursor thin ﬁlm annealed at 350 ◦C for 30 min in vacuum oven after Ar+ ion
etching, (a) Cu2p core level (b) Sb3d core level (c) S2p core level (d) Se3d core level.
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Figure 5.25: XPS depth proﬁle of glass/FTO/CuSbSexS2−X-Cu 50 nm.
not match with the formation of CuSbS2 or elemental Cu, implying the formation
of new quaternary compound, since there is no XPS reports are available for this
compound. The Sb3d core level spectrum and the deconvoluted 3d peaks at 529.3 eV
(Sb3d5/2) and 538.69 eV (Sb3d3/2) (Figure 5.24(b)). In the case of Cu as well as Sb,
the peaks were shifted lower energy comparing with the values reported for CuSbS2
and this shift can be attributed to the formation of compound. The observed peak
values of Cu and Sb for this present cells are well matching with the observed Cu
and Sb peak position for the glass/Sb2S3/Se/Cu_50 ﬁlm and which supports the
formation of the quaternary phase. The high-resolution spectra scan for S2p, Figure
5.24(c) shows two strong peaks at 161.6 eV and 162.8 eV with an energy separation
of 1.2 eV were assigned to S2p3/2 and S2p1/2 respectively, along with that a Se2p3/2
and Se2p1/2 core levels are present in the analysis region of S2pcore levels, and
these peaks located at 160.2 eV and 166.1 eV respectively do not corresponds to a
compound containing selenium. The high-resolution scan of Se3d is shown in Figure
5.8(d) where the two peaks are observed at 54.1 eV (Se3d5/2) and 54.9 eV (Se3d3/2)
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respectively, which do not match with any selenium compound reported. Combining
our results of the B.E values of Cu2p, Sb3d , S2p, Se3p and Se3d core levels and
the phases detected in our XRD results, the formation of can be concluded. The
depth proﬁle analysis of the same cell is given in Figure 5.25. The uniformity of
the Cu, Sb, S and Se elements throughout the depth of the ﬁlm is clearly seen in
this ﬁgure. From this analysis it is also observed that the presence of selenium is
only in the surface of the thin ﬁlm (up to 5th etch level), which means the complete
reaction of Se with other elements are occur only at the surface of the sample and
these results is in good agreement with that of the XRD results obtained for the
same ﬁlm prepared on the glass substrates.
Figure 5.26: Scanning electron microscopy images and EDX for glass/FTO/n-
CdS/p-CuSbSexS2−X formed by annealing glass/FTO/CdS/Sb2S3/Se/Cu_50 nm
at 350 ◦C for 30 min.
Surface morphology and EDX analysis of the solar cell, glass/FTO/CdS/CuSb
SeXS2−X-Cu50 nm is presented in Figure 5.26. As seen from the image, the CuSbS2
sample after selenization possess totally diﬀerent surface morphology compared to
that of the bare CuSbS2 sample (Chapter 4, Figure 4.26). The surface of the ﬁlms
consists irregular shaped grains having well deﬁned boundaries as seen in the image.
The EDX analysis of the sample also collected to determine the elemental composi-
tion. The major peaks in the EDX analysis were corresponding to the characteristic
X-rays of Sb, S, Se and Cu together with adventitious C and O indicating that the
sample is composed of only the desired elements (5.27). The EDX elemental map-
ping of the solar cell revealed the uniform distribution of each element such as Sb,
S, Se and Cu on the surface without any other impurities. SEM images and EDX
Chapter 5. CuSbSexS2−Xthin films and device applications 183
Figure 5.27: Scanning electron microscopy images and EDXmapping for glass/FTO/
n-CdS/p-CuSbSexS2−X formed by annealing glass/FTO/CdS/Sb2S3 /Se/ Cu_50
nm at 350 ◦C for 30 min.
mapping data conﬁrm the formation of the absorber layer in the PV device.
In conclusion, we have synthesized thin ﬁlms by depositing selenium over
glass/Sb2S3 layers followed by Cu evaporation and heat treatments. The struc-
ture, morphology, elemental composition, chemical state, optical, electrical and opto-
electronic properties were studied in detail using various characterization techniques.
While XRD and Raman analyses conﬁrmed the formation of the thin ﬁlms identi-
ﬁed from the peak shift compared to the bare CuSbS2 analysis of diﬀerent thin ﬁlm
properties revealed that the CuSbSexS2−Xperforms better than CuSbS2 in terms
of electrical conductivity and optical absorption. Analysis of the eﬀect of diﬀerent
Cu thickness led to the ﬁnding that Cu 50 nm is an appropriate Cu thickness for
better thin ﬁlm characteristics. Based on the results obtained, the CuSbSexS2−X
were ﬁnally tested as absorber layers in solar cell prototypes where it showed en-
hanced performance in comparison with both CuSbS2 as well as Sb2SexS3−X thin
ﬁlms. The improved eﬃciency of the cells having the structure glass/FTO/n-CdS/p-
CuSbSexS2−X could be directly attributed to the properties of the layers. It was
found that the selenization step plays an important role in altering the characteris-
tics of the CuSbS2 thin ﬁlms and thereby making it a better choice for PV device
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applications. However, more work is needed in this direction to further optimize the
selenization stage and thereby enhancing more the solar cell charateristics incorpo-
rating these thin ﬁlm layers.
Chapter 6
conclusions
This thesis presents the synthesis and characterization of copper antimony sulﬁde
(CuSbS2) and copper antimony selenosulﬁde CuSbSexS2−X thin ﬁlms by combined
chemical bath deposition (CBD) and thermal evaporation followed by heat treat-
ments as well as their application in the ﬁeld of photovoltaics and photodetectors.
For synthesis of thin ﬁlm precursors, chemical bath deposition technique to deposit
Sb2S3 thin ﬁlms on which the Cu layer was evaporated. The eﬀects of Sb2S3/Cu
layer thicknesses and the type of heat treatments such as Rapid Thermal Processing
(RTP), conventional vacuum oven annealing or both and at diﬀerent temperatures
as well as durations on the formation of phase pure CuSbS2 phase were studied in
detail. In summary,
• A systematic study on the growth of CuSbS2 thin ﬁlms on glass substrates for
conventional annealing (380 ◦C for 1 h) by varying Cu content (1-100 nm) for
a given Sb2S3 (25 ◦C for 2 h) layer thickness of 200 nm.
• Analysis of the thin ﬁlms formed at diﬀerent conditions using various char-
acterization techniques to determine their crystalline structure, morphology,
elemental composition, chemical state, and photo - physical properties.
• For a given Sb2S3 thickness (200 nm), Cu 50 nm was eﬀective for the formation
of orthorhombic CuSbS2.
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• Formation of CuSbS2 along with Cu2S (minor presence of binary) by conven-
tional annealing (350 - 380 ◦C , 30 - 60 min) due to slow heating and cooling.
• Removal of binary phases to form phase pure CuSbS2 on glass substrates by
RTP above 500 ◦C due to instantaneous heat supply.
• Highly oriented CuSbS2 growth on glass by conventional annealing followed by
RTP (pre-annealed RTP)above 600 ◦C .
• Photoconductive CuSbS2 ﬁlms with crystallite size (15-20 nm) with optical
band gap values 1.5 - 1.6 eV.
• The CuSbS2 thin ﬁlms were incorporated in photovoltaic structures of super-
strate p-n conﬁguration: glass/ITO/n-CdS/p-CuSbS2. Both conventionally
annealed and the direct RTP devices showed PV eﬀect with typical param-
eters of Voc= 485 mV, Jsc= 1.5-2.3 mA/cm2, FF = 0.4 and the conversion
eciency (η) = 0.3%.
• The PV devices formed by pre-annealed RTP grown device showed an open-
circuit voltage (Voc) of 665 mV and a ﬁll factor (FF) of 0.6, the highest
values ever reported for CuSbS2 based PV devices establishing the perspec-
tive of CuSbS2 for high eciency PV devices. Jscvalue for this device was 1.3
mA/cm2and the η = 0.6%, relatively lower values.
• The CuSbS2 thin ﬁlms formed at two diﬀerent conditions were incorporated in
photovoltaic structures of superstrate p-n conﬁguration: glass/FTO/n-CdS/p-
CuSbS2 . Among the cells fabricated at diﬀerent conditions, the one with 4 h
Sb2S3having Cu thickness 50 nm outperformed other PV devices in terms of
Jsc(3 mA/cm2).
• PV devices with p-i-n conﬁguration glass/FTO/n-CdS/i-Sb2S3/p-CuSbS2/Ag
using bare Sb2S3(25 ◦C 1 h annealed conventionally at 350 ◦C for 30 mins) as
the intrinsic layer and e the cell showed improved performance Voc= 483 mV,
Jsc= 7.2 mA/cm
2, FF = 0.28 and conversion eciency nearly 1%
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• Synthesis of CuSbSexS2−X thin ﬁlms by dipping glass/Sb2S3 in sodium seleno-
sulfate solution forllowed by Cu evaporation and heat treatment at 350 ◦C for
30 min in conventional vacuum oven.
• The structure, morphology, elemental composition, chemical state, optical,
electrical and opto-electronic properties were studied in detail using various
characterization techniques. XRD and Raman analyses conﬁrmed the forma-
tion of the CuSbSexS2−X thin ﬁlms identiﬁed from the peak shift compared to
the bare CuSbS2.
• Improved optical absorption and electrical conductivity of CuSbSexS2−X thin
ﬁlms compared to that of CuSbS2 ﬁlms.
• Glass/FTO/n-CdS/p-CuSbSexS2−X/Ag devices showed PV parameters Voc=
462 mV, Jsc= 5.07 mA/cm2, FF = 0.38 and the conversion eciency of 0.91%.
• The selenization step plays an important role in altering the characteristics of
the CuSbS2 thin ﬁlms and thereby making it a better choice for PV device
applications.
• For the ﬁrst time ever, explored the capability of the CuSbS2as a photodetector
for a wide range of wavelengths (Vis to NIR region). We found that CuSbS2
has great potential as a photodetector as well owing to its high sensitivity
towards detection of diﬀerent wavelengths.
• Photoresponse measurements of all the samples were recorded as a function of
incident light wavelength using LEDs as well as function of incident light inten-
sity using a laser. All the samples showed stable, reproducible photodetector
properties with high sensitivity and responsivity even at a low applied bias
voltage. This study can help in cost eﬀective production of photodetector de-
vices using environment friendly materials with selective wavelength detection
properties at low cost in large area.
Chapter 6. conclusions 188
In general, the study delivers a thorough understanding on the structure,
morphology and photophysical properties of the emerging ternary and quaternary
CuSbS2 and CuSbSexS2−X thin ﬁlms and how these properties can be altered simply
by adjusting the deposition parameters. The work inspires research towards fabrica-
tion of photovoltaic and opto-electronic devices using earth abundant, cost-eﬀective
and low-toxic semiconductor thin ﬁlm materials. For any further optimization of the
thin ﬁlm properties and thereby enhancement in the device performance either by
following the same synthetic route or by diﬀerent methods, this study can serve as
an initial step.
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